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SUMMARY 


The  objective  of  this  document  is  to  describe  the  analytical  and  diagnostic  techniques  that 
can  be  used  to  determine  the  causes  of  failure  in  continuous  fiber  reinforced  composite 
materials.  The  material  of  primary  emphasis  in  this  compendium  is  the  continuous  carbon 
fiber-epoxy  resin  matrix  system. 

This  document  is  the  final  product  of  Task  4  of  a  five  task  program: 

•  Task  1  -  An  objective  review  of  available  literature  for  various  diagnostic 
techniques  and  approaches. 

•  Task  2  -  Evaluate  the  capability  of  selected  test  techniques  to  produce 
specific  types  of  modes  of  failure  in  specimens  examined  in  Task  3. 

•  Task  3  -  Evaluate  various  diagnostic  techniques,  particularly  fractography, 
such  that  crack  propagation  mechanisms  could  be  related  to  specific  fracture 
features. 

•  Task  4  -  Compile  all  the  pertinent  data  and  techniques  into  one  source  book,  or 
Compendium. 

•  Task  5  -  Verify  and  demonstrate  the  applicability  of  these  techniques  by 
conducting  failure  analyses  of  three  structural  components. 

This  document  is  a  result  of  the  accumulation  of  knowledge  gained  through  the  completion 
of  all  of  the  above  tasks  (the  results  of  which  are  also  documented  in  the  interim  and  final 
reports)  as  well  as  experience  gained  by  The  Boeing  Company  and  other  government, 
industry  and  academic  investigators  over  the  last  ten  or  so  years  through  R<5cD  programs. 
The  intent  is  to  provide  an  organized  and  easily  accessible  source  of  information  and 
guidance  upon  which  a  composite  material  structure  failure  analysis  may  be  performed. 
The  Compendium  is  organized  as  follows:  (1)  a  working  document  of  value  to  the 
investigator  during  a  failure  analysis,  (2)  a  reference  document  to  which  one  can  refer  to 
clarify  a  point  in  question  or  to  research  a  specific  new  observation,  and,  (3)  a  teaching 


document  from  which  a  new  investigator  can  learn  the  essentials  necessary  to  do  an 
analysis  and  from  which  a  "rusty”  investigator  can  brush  up  on  a  specific  area. 

This  compendium  is  a  first  attempt  by  the  Air  Force  to  provide  a  reference  source  on  this 
subject  and  should  be  considered  as  a  precursor  to  a  much  more  comprehensive  handbook 
which  will  be  the  final  product  of  two  current  Air  Force  programs,  F33615-86-C-5071  and 
F33615-87-C-5212. 

This  compendium  is  divided  into  three  major  groupings: 

•  Failure  analysis  logic  networks  (FALN),  which  identify  a  logical  approach 
toward  composite  failure  analysis  investigations  are  presented  in  Section  2.0. 

•  The  techniques  and  analytical  procedures  to  gather  information  as  well  as  the 
interpretation  of  the  results  obtained,  are  presented  in  Sections  3.0  and  4.0. 

•  Supportive  data,  such  as  case  histories  of  actual  failure  analyses  and  an 
extensive  atlas  of  fractographs,  to  provide  a  comparative  reference  source, 
are  presented  in  Sections  5.0  and  6.0. 
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6-66 

6-65 

+45/-45  Plies  at  -65°F  Dry,  180°F  Dry, 
and  270°F  Dry  Conditions  (Fiber  Breakage) 

6-67 

6-66 

+45/-45  Plies  at  70°F  Wet,  180°F  Wet, 
and  270°F  Wet  Conditions  (SEM  2000X) 

6-68 

6-67 

Four-Point  Bend  Test  Type  (Compression) 

6-69 

6-68 

Translaminar  Compression  Fractures 

6-70 

0<32)  Ply  at  21°C  Dry  Condition  (SEM  50X,  400X,  and  2000X) 

0(32)  Ply  at  -65°F  Dry,  180°F  Dry,  270°F  Dry 
Conditions  (SEM  Low  Magnification) 

0(32)  Ply  at  -65°F  Dry,  180°F  Dry,  270°F  Dry 
Conditions  (SEM  400 X) 

0(32)  Ply  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  20X) 

0(32)  Ply  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  400X) 

0/90  Plies  at  21°C  Dry  Conditions  (SEM  50X,  400X,  and  2000X) 

0/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry 
Conditions  (SEM  20X) 

0/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry 
Conditions  (SEM  400X) 

0/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  20X) 

0/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  400X) 

0/45/90  Plies  at  21°C  Condition  (SEM  50X,  400X,  and  2000X) 

0/45/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry 
Conditions  (SEM  20X) 

0/45/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  400X) 

0/45/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  20X) 

+45/-45  Plies  at  21°C  Dry  Condition  (SEM  50X,  400X, 
and  2000X) 

+45/-45  Plies  at  -65°F  dry,  180°F  Dry,  and  270°F  Dry 
Conditions  (SEM  20X) 

0/45/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°E  Dry 
Conditions  (SEM  400X) 

+45/-4S  Plies  at  -65°?’  Dry,  80°F  Dry,  and  270°F  Dry 
Conditions  (SEM  400X) 

+45/-45  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  20X) 
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6-71 

6-72 

6-73 

6-74 

6-75 

6-76 

6-77 

6-78 

6-79 

6-80 

6-81 
6  82 

6-83 

6-84 

6-85 

6-86 

6-87 

6-88 


6  89 


6-88 


6-90 


+45/-45  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet 
Conditions  (SEM  400X) 

6-89  Side-Notched  Rail  Shear  Test  Type  6-91 

6-90  0/90  Plies  at  21°C  Dry  (SEM  200X  and  2000X)  6-92 

6-91  0/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry  6-93 

Conditions  (SEM  400X) 

6-92  0/90  Plies  at  65°F  Dry,  180°F  Dry,  and  270°F  Dry  6-94 

Conditions  (SEM  2000X) 

6-93  0/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet  6-95 

Conditions  (SEM  400X) 

6-94  0/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet  6-96 

Conditions  (SEM  2000X) 

6-95  0/45/90  Plies  at  21°C  Dry  (SEM  200X  and  2000X)  6-97 

6-96  0/45/90  Plies  at  -65°F  Dry,  180°F  Dry,  6-98 

and  270°F  Dry  Conditions  (SEM  400X) 

6  97  0/45/90  Plies  at  -65°F  Dry,  180°F  6-99 

Dry,  and  270°F  Dry  Conditions  (SEM  2000X) 

6-98  0/45/90  Plies  at  70°F  Wet,  180°F  Wet,  6-100 

and  270°F  Wet  Conditions  (SEM  400X) 

6-99  0/45/90  Plies  at  70°F  Wet,  180°F  Wet,  6-101 

and  270°F  Wet  Conditions  (SEM  2000X) 

6-100  Laminate  Flexure  Test  Type  6-102 

6-101  0(32)  Plies  at  21°C  Dry  (SEM  20X,  800X,  and  2000X)  6-103 

6-102  Double  Cantilever  Beam  (DCB)  for  Mode  I  Fractures  6-105 

and  Crack  Lap  Shear  (CLS)  for  Mode  II  Fractures 

6-103  0/0  Plies  at  70°F  Dry  Condition  (Fatigue  DCB  Mode  I,  6-106 

Optical) 

6-104  0/0  Plies  at  70°F  Dry  Condition  (Fatigue  CLS  Mode  II,  6-107 

Optical) 

6-105  0/0  Plies  at  21°C  Dry  Condition  (Fatigue  DCB  Mode  I,  6-108 

Optical) 


0/0  Plies  at  21°C  Dry  Condition  (Fatigue  DCB  Mode  1,  SEM) 

0/0  Plies  at  21°C  Dry  Condition  (Fatigue  CLS  Mode  11, 
Optical) 


6-106 

6-107 


6-109 

6-110 


6-108 

0/0  Plies  at  21°C  Dry  Condition  (Fatigue  CLS  Mode  II, 

40-80%  Static) 

6-111 

6-109 

0/0  Plies  at  21°C  Dry  Condition  (Fatigue  CLS  Mode  II, 

20  to  60%  Static) 

6-112 

6-110 

Drill  Breakout  Specimen 

6-113 

6-111 

0/0  Plies  at  21°C  Dry  Condition  (Example  A) 

6-114 

6-112 

0/0  Plies  at  21°C  Dry  Condition  (Example  B) 

6-115 

6-113 

0/45/90  Plies,  Dry  Condition  (Compression  After  Impact) 

6-117 

6-114 

Teflon  Contamination 

6-119 

6-115 

Frekote  Contamination 

6-120 

6-116 

Voids,  DCB  and  ENF 

6-122 

6-117 

Fiberglass/Epoxy  250°F  Cure 

6-125 

6-118 

Fiberglass/Epoxy  350°F  Cure 

6-126 

6-119 

Aramid  Fibers/Epoxy 

6-127 

6-120 

PEEK/AS4  Fibers 

6-128 

6-121 

PMR-15/Celion-3000 

6-129 
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1.0  INTRODUCTION  AND  PURPOSE 

As  a  result  of  their  tailorability,  high  strength,  and  modulus  to  density  ratios,  high 
performance  continuous  fiber  reinforced  composites  are  being  selected  in  rapidly 
increasing  amounts  as  structures  in  the  design  of  each  successive  military  and  civilian 
aircraft.  These  materials  are  also  seeing  increased  application  in  land,  sea  and  space 
transportation  vehicles,  as  well  as  less  glamorous  applications  such  as  mass-produced 
items  for  the  sport  industry.  In  aerospace  applications,  where  the  demands  upon  materials 
are  the  greatest,  composites  are  efficiently  meeting  the  weight,  strength,  stiffness, 
fatigue,  and  corrosion  resistance  requirements. 

This  increased  usage,  combined  with  design  applications  progressing  toward  increased 
operational  strains,  will  undoubtedly  result  in  more  frequent  occurrences  in  part  failure. 
When  such  a  failure  occurs,  the  ability  to  determine  the  origin,  cause,  and  sequence  of 
failure  constitutes  a  critical  step  necessary  in  providing  valuable  engineering  feedback 
which  will  assure  the  continued  integrity  of  the  components  during  service.  These  critical 
steps  are  necessary  so  that  appropriate  corrective  actions  can  be  made  which  are 
effective  as  well  as  rationally  based. 

In  the  case  of  metallic  structures,  the  analytical  techniques  required  to  analyze  the  failed 
part  and  determine  the  cause  of  failure  has  been  fairly  well  established  since  the  mid- 
1950's.  Analyses  of  fractures  has  been  influential  in  the  selection  of  materials,  and  the 
identification  of  critical  design  details,  processes  and  operating  conditions  which  must  be 
controlled  to  prevent  failures.  This  necessary  technology,  however,  should  be  defined  as 
in  its  infancy  for  post-failure  analysis  of  composite  structures.  Many  individuals  within 
the  past  ten  years  have  applied  selected  analysis  techniques  and  procedures  toward 
developing  portions  of  the  overall  capability  required  for  comprehensive  failure  analysis. 
The  U.  S.  Air  Force,  aware  of  the  need  for  this  comprehensive  capability  which  combines 
the  analytical  tools  with  the  approach  and  interpretive  skills,  awarded  The  Boeing 
Company  this  contract  to  identify,  study,  and  document  these  areas  for  composite  failure 
analysis.  This  document  is  a  final  product  of  the  C-5010  program,  # F336 1 5-84-C-50 1 0, 
"Failure  Analysis  For  Composite  Structure  Materials"  (ref.  1). 
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The  intent  of  this  Compendium  is  to  provide  an  organized  and  easily  accessible  source  of 
information  and  guidance  upon  which  a  composite  material  structure  failure  analysis  may 
be  performed.  The  Compendium  is  organized  as  follows:  (1)  a  working  document  of  value 
to  the  investigator  during  a  failure  analysis,  (2)  a  reference  document  to  which  one  can 
refer  to  clarify  a  point  in  question  or  to  research  a  specific  new  observation,  and  (3)  a 
teaching  document  from  which  a  new  investigator  can  learn  the  essentials  necessary  to  do 
an  analysis  and  from  which  a  "rusty"  investigator  can  brush  up  on  a  specific  area. 

This  document  is  divided  into  three  major  groupings: 

•  Failure  analysis  logic  networks  (FALN),  which  identify  a  logical  approach 
toward  composite  failure  analysis  investigations  are  presented  in  Section  2.0. 

•  The  techniques  and  analytical  procedures  used  to  gather  information  as  well  as 
the  interpretation  of  the  results  obtained,  are  presented  in  Sections  3.0  and 
4.0. 

•  Supportive  data  such  as  case  histories  of  actual  failure  analyses  and  an 
extensive  atlas  of  fractographs,  to  provide  a  comparative  reference  source, 
are  presented  in  Sections  5.0  and  6.0. 


2.0  FAILURE  ANALYSIS  LOGIC  NETWORKS  (FALN) 


2.1  GENERAL  CONCEPTS 

This  section  reviews  the  failure  analysis  logic  network  (FALN)  flow  charts  and  supporting 
data  tables  developed  to  provide  investigators  with  guidelines  delineating  a  logical 
sequence  of  investigative  operations.  These  flow  charts  are  designed  to  identify  the 
analytical  tools  necessary  for  composite  failure  analysis.  The  charts,  when  combined  with 
decision  gates,  allow  an  accurate,  cost  effective,  and  timely  determination  of  the  cause 
of  component  failure.  Such  guidelines  have  not  been  available  previously  due  to  the 
relative  complexity  of  composite  materials  and  their  fairly  recent  use  in  industry, 
particularly  for  primary  structures.  In  developing  these  guidelines,  specific  objectives 
were  incorporated  to  provide  investigators  with  a  logical  sequence  that: 

•  Considers  a  variety  of  potential  causes  including  design  or  fabrication  errors, 
anomalies,  and  in-service  or  testing  damage. 

•  Incorporates  multiple  analytical  disciplines,  such  as  nondestructive  testing, 
materials  characterization,  fractography,  and  stress  analysis. 

•  Avoids  the  premature  destruction  of  evidence. 

•  Builds  on  gathered  information  and  allows  for  redirected  investigations. 

In  addition  to  the  general  FALN,  several  specific  FALNs  are  provided  for  tiie  areas  of 
nondestructive  testing,  materials  characterization,  fractography  and  stress  analysis.  Both 
types  of  FALNs  are  described  in  the  following  paragraphs. 

2.2  MAJOR  FAILURE  ANALYSIS  LOGIC  NETWORKS  (FALN) 

Identifying  the  logical  sequence  of  steps  for  doing  a  post-failure  analysis  is  often  a 
complex  and  difficult  process.  Sufficient  information  must  be  gathered  and  evaluated  so 
that  the  cause  of  fracture  may  be  determined  from  positive  supportive  evidence  rather 
than  simply  by  a  process  of  elimination.  In  many  instances,  the  development  of  a  coherent 
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set  of  positive  evidence  is  often  complex  since:  (1)  numerous  potential  cause(s)  exist  and 
(2)  multiple  contributory  factors  may  be  involved.  In  order  to  accurately  identify  the 
cause  of  fracture,  each  of  these  potential  contributory  factors  must  be  taken  into 
consideration.  Identifying  the  cause  of  fracture  and  related  contributory  factors  without 
examining  each  and  every  conceivable  cause  requires  an  organized  investigation  sequence. 
Developing  this  plan  of  attack  is  further  complicated  by  the  fact  that  many  investigative 
steps  may  be  destructive  to  remaining  evidence,  and  thus  preclude  further  critical 
analysis.  Consequently,  adequate  documentation  to  record  existing  evidence,  as  well  as 
the  logical  flow  of  information  from  one  analysis  to  another  must  be  considered. 

In  order  to  assist  investigators  in  developing  a  logical  plan  of  attack,  an  organizational 
framework  was  developed.  This  framework  is  based  upon  well  established  procedures 
utilized  in  the  failure  analysis  of  metallic  structures,  modified  to  meet  the  specific 
analytical  requirements  for  fiber  reinforced  composite  structures.  This  framework 
considers  each  major  failure  category,  potential  interrelationships,  and  the  prevention  of 
premature  destruction  of  evidence.  Because  composite  materials  differ  in  many  respects 
from  metals,  the  specific  operations  involved  were  modified  to  address  those 
characteristics  specific  to  composites.  This  proven  framework  consists  of  five  basic 
investigative  operations  arranged  around  intermediate  decision  points.  The  approach  is 
aimed  at  simplifying  and  streamlining  the  number  and  complexity  of  analysis  steps 
involved,  usually  lowering  the  overall  costs  of  investigations.  The  five  major  investigative 
operations  are: 

•  Collection  and  review  of  background  history  and  information. 

•  Nondestructive  inspection. 

•  Evaluation  of  the  part  conformity  to  specified  requirements. 

•  Detailed  fractographic  examinations. 
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Stress  analysis. 


An  overall  diagram,  showing  the  simplified  application  sequence  of  these  five  operations 
is  illustrated  in  Figure  2-1.  The  sequence  initially  encourages  the  use  of  simple, 
inexpensive  examinations,  followed  by  progressively  more  detailed  analyses.  Through 
comprehensive  hands-on  application  and  evaluations,  a  significant  amount  of  detail  has 
been  added  to  the  original  investigative  framework.  The  expanded  version,  shown  in 
Figure  2-2,  establishes  a  more  detailed  and  accurate  path  for  investigators.  It  delineates 
most  of  the  widely  used  techniques  that  may  be  used  and  the  required  decisions  involved 
in  carrying  out  a  postmortem  analysis. 

During  the  initial  stages  of  investigation,  background  information  on  material, 
fabrication,  design,  loads,  environment,  and  service  or  test  history  is  collected  and 
reviewed  with  the  intention  of  identifying  areas  of  concern.  This  process  helps  develop  a 
familiarity  with  the  component,  its  operation,  and  its  service  environment. 

Nondestructive  inspections  are  then  performed  to  identify  and  further  delineate  the 
extent  and  nature  of  nonvisible  fracture  or  damage.  The  data  is  documented  for  later 
reference.  This  operation  establishes  the  groundwork  to  plan  more  detailed  examinations 
and  helps  in  selection  of  specimens  that  may  require  destructive  sectioning.  After 
nondestructive  examination,  the  part  is  evaluated  for  conformity  with  engineering, 
material,  and  process  specifications.  Each  initial  examination  is  directed  toward 
identifying  items  of  significance  early  in  the  investigation.  Through  an  iterative  process, 
the  number  of  steps  can  be  minimized  and  future  efforts  concentrated  on  items  of 
interest. 

Detailed  fractographic  and  stress  examinations  are  the  next  analytical  steps.  These 
operations  identify  more  specific  details  and  assess  their  significance.  Typically, 
fractographic  examinations  are  used  principally  to  identify  the  origin  and  load  conditions 
involved  in  failure.  In  many  cases,  the  main  benefit  of  fracture  examination  is  the 
identification  of  material  defects  or  anomalies.  As  such  factors  are  identified,  sufficient 
information  may  be  developed  to  identify  either  a  specific  cause  for  failure  or  a  point  of 
interest  (that  is,  an  origin)  for  further  analyses.  After  inputs  from  fractographic  analysis 
have  been  developed,  stress  may  be  performed  to  evaluate  stress  states,  out  of- 
compliance  conditions,  or  the  critical  nature  of  identified  defects.  In  cases  where 
questions  may  remain,  additional  specialized  tests  or  further  more  detailed  stress  analyses 
may  be  required  from  the  stress  specialist  to  model  previously  indeterminate  conditions. 


Figure  2-1 .  Simplified  Investigative  Framework 
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Figure  2-2.  Detailed  Investigative  Framework 


3.0  PROCEDURES  FOR  USE  IN  FAILURE  ANALYSIS 


In  general,  the  procedures  utilized  in  the  failure  analysis  of  composites  are  similar  to 
those  used  for  other  materials  systems.  As  with  any  thorough  analysis,  the  investigation 
should  follow  a  basic  sequence  which  at  least  includes  the  following  procedures:  (1)  a 
review  of  available  inservice  or  test  procedure  records,  (2)  a  preliminary  nondestructive 
examination  of  the  extent  of  damage  on  the  part,  (3)  verification  of  use  of  the  correct 
material  in  the  specified  condition,  and  (4)  the  fractographic  determination  of  the  origin 
and  mode  of  fracture.  In  many  cases,  much  more  detailed  and  labor  intensive  analyses  are 
required,  including  the  evaluation  of  the  stress  and  fracture  mechanics  involved  in  failure 
so  as  to  adequately  determine  the  sequence  and  cause  of  failure. 

The  specific  sequences,  or  Failure  Analysis  Logic  Networks  (FALN),  through  which  these 
analytical  techniques  can  be  applied,  were  presented  in  section  2.0. 

Many  of  the  analytical  procedures  presented  in  this  section  have  been  previously 
developed  for  metals  failure  analysis  and  modified  to  meet  the  needs  of  composite  post¬ 
mortem  analysis.  Each  technique  has  been  developed,  evaluated  and  verified  by  the  scien¬ 
tific  community  through  strict  laboratory  analysis  and  directly  applied  during  composite 
failure  analysis  investigations.  These  state-of-the-art  analytical  tools  and  the  specific 
procedures  for  use  in  failure  analysis  are  discussed  in  the  following  sequence: 

•  Materials  Characterization,  paragraph  3.1 

•  Nondestructive  Evaluation,  paragraph  3.2 

•  Fractography,  paragraph  3.3 

•  Stress  Analysis,  paragraph  3.4 

Each  of  these  major  topics  discuss  techniques,  procedures,  and  explain: 

•  The  principles  underlying  the  technique. 


•  How  the  technique  or  procedure  is  used  and  applied  to  analyze  a  composite 


material  structure. 


How  to  interpret  the  data/information  obtained. 


•  How  different  circumstances  affect  the  data  type  and  its  interpretation. 


Alternative  approaches  or  complementary  tests  to  verify  accuracy  of  results. 


•  Comparisons  and  effective  value  between  various  available  techniques. 


3.1  MATERIALS  CHARACTERIZATION 


Errors  in  material  layup,  ply  orientation,  microconstituent  chemical  formulation,  proces¬ 
sing  and  the  degree  of  matrix  curing  can  lead,  or  contribute,  to  premature  component 
failures.  As  a  result,  the  analysis  of  these  basic  material  and  processing  errors  should  be 
considered  a  standard  operation  in  most  analysis  investigations.  This  paragraph  presents 
the  standard  techniques  currently  available  for  characterizing  the  material  integrity  and 
identifying  anomalous  conditions,  if  any,  that  may  have  caused  or  contributed  to  compo¬ 
nent  failure.  These  techniques  are  presented  for  evaluation  and  testing  of  carbon 
fiber/epoxy  resin  systems. 


In  this  paragraph,  the  principal  selected  topics  include  the  following: 


Material  layup  analysis  -  verification  of  the  number,  orientation,  and  sequence 
of  plies  in  the  laminate. 


Determination  of  fiber,  matrix,  and  void  volume  fractions. 


Material  identification  -  verify  and  fingerprint  the  material  chemical  compo¬ 
sition  for  both  cured  laminate  and  uncured  prepreg. 


Degree  of  cure  analysis  -  determination  of  glass  transition  temperature  (Tg) 
and  extent  of  reaction  during  the  cure  process. 


•  Contamination  analysis  -  surface  chemical  analysis  and  foreign  inclusion  iden¬ 
tification 

In  most  failure  analyses,  the  examination  of  part  material,  configuration,  and  quality 
should  be  considered  a  routine  procedure,  necessary  for  the  accurate  evaluation  of  the 
failure  cause.  These  examinations  should  identify  gross  deficiencies,  if  they  exist,  that 
could  have  significant  effect  on  material  properties  or  the  magnitude  of  local  stresses 
within  the  part.  For  composite  materials,  items  of  concern  include: 

•  Incorrect  materials. 

•  Resin  content  and  fiber  content. 

•  Undercure. 

•  Moisture  content. 

•  Ply  stacking  sequence,  placement,  and  orientation  errors. 

•  Incorrect  size,  placement,  or  poor  quality  of  details  such  as  holes,  and  radii. 

•  Improper  fastener  installation,  joining,  bonding,  etc. 

•  Void  content. 

•  Individual  ply  thickness. 

•  Fiber  alignment. 

Most  of  these  conditions  are  likely  to  be  rare.  However,  since  they  require  little  effort  to 
examine  and  have  such  a  critical  influence  on  failure,  their  inclusion  in  any  complete 
analysis  is  a  necessity.  Configuration  and  materials  characterization  examinations  are 
included  in  the  overall  FAUN  illustrated  in  Figure  3-1.  Because  of  their  potential  impact 
on  subsequent  operations,  these  examinations  have  been  incorporated  in  the  early  stages 


Figure  3-1.  Simplified  Investigative  Framework 
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of  analysis.  In  many  cases,  identification  of  a  major  discrepancy  (such  as  using  the  wrong 
material),  may  sufficiently  explain  the  cause  of  fracture,  thus  expediting  and  lowering  the 
cost  of  the  overall  investigation,  in  addition  to  providing  the  rationale  for  appropriate 
corrective  actions. 

In  support  of  the  overall  FALN,  a  detailed  flow  chart  for  configuration  and  materials 
characterization  was  developed.  This  chart,  illustrated  in  Figure  3-2,  provides  a  detailed 
guideline  for  investigators  to  evaluate  critical  items  such  as  configuration,  ply  layup, 
degree  of  cure,  and  the  type  of  resin  system  used.  This  FALN  employs  relatively  simple 
analytical  techniques.  More  complex  and  difficult  analyses  occur  at  later  stages  of  inves¬ 
tigation.  Figure  3-3  provides  a  detailed  matrix  summary  of  material  characterization 
failure  techniques. 

In  Figure  3-2,  one  of  the  more  detailed  areas  of  a  configuration  and  materials  character¬ 
ization  study  is  illustrated.  Once  a  thermoset  resin  material  has  cured,  ascertaining  its 
identity  (such  as  vendor  or  specific  resin  formulation  family)  poses  a  relatively  difficult 
problem.  This  is  because  of  the  generally  similar  chemical  structure  of  cross-linked  epoxy 
systems  and  the  tendency  of  cured  resins  to  resist  yielding  their  identities  by  typical 
chemical  analyses  methods.  However,  since  many  of  the  currently  used  epoxies  exhibit 
nearly  identical  properties  (within  a  cure-temperature  family),  identification  of  the  exact 
resin  system  used  may  not  be  as  crucial  as  identifying  a  material  with  its  proper  cure- 
temperature  family,  for  example  121°C  (250°F)  or  177°C  (350°F).  Through  the  combined 
use  of  glass  transition  temperature  (Tg)  and  residual  heat  of  reaction  measurements,  the 
particular  cure-temperature  family  of  most  materials  can  be  established  with  relative 
confidence. 

For  example,  when  fully  cured,  most  epoxies  lack  any  appreciable  residual  heat  of  reac¬ 
tion  and  the  Tg's  are  at  or  slightly  above  their  original  cure  temperature.  When  minimum 
heat  of  reaction  is  observed,  the  measured  Tg  gives  a  fairly  good  indication  of  the  cure 
temperature  family  of  material  used.  However,  in  cases  where  significant  heat  of  reac¬ 
tion  still  exists,  and  the  measured  Tg  is  well  below  the  specified  cure  temperature,  the 
indication  is  that  the  proper  prepreg  material  was  used  but  an  insufficient  degree  of  cure 
was  generated  during  processing.  In  making  these  analyses,  it  is  important  to  keep  in 
mind  that  undercure  can  arise  from  several  causes  only  one  of  which  may  be  an  improper 
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Figure  3-2.  Material  Verification  Technique  Sub-FALN 
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TECHNIQUE 

DESCRIPTION 

USE 

VALUE 

Thermomechanical 
Analysis  (TMA) 

Measure  probe 
displacement  as  a  function 
of  sample  temperature 

Determines  glass  transition 
temperature 

Indication  of  degree  of  cure  or 
environmental  effects 

Differential 

Scanning 

Calorimetry  (DSC) 

Performs  enthalpy 
measurements 

•  Determines  glass 
transition  temperature 

•  Determines  residual 
heat  of  reaction 

Indication  of  degree  of  cure  of 
environmental  effects 

Dynamic 

Mechanical  Analysis 
(DMA) 

Measures  mechanical 
response  to  oscillating 
dynamic  loading 

•  Determines  glass 
transition  temperature 

•  Observes  mechanical 
transition  due  to 
additional  crosslinking 

•  Indication  of  degree  of  cure  or 
environmental  effects 

•  Indication  of  undercured 
condition 

Infrared 

spectroscopy 

Measures  IR  spectrum 

Distinguishes  between 
reacted  and  unreacted 
functional  groups 

Indicates  amount  of  unreacted 
functional  groups  to  determine 
extent  of  cure 

Solvent  extraction 

Exposure  to  an  organic 
solvent 

Removes  unreacted 
material  leaving  reacted 
network  behind 

Indication  of  the  degree  of  cure 

High  Pressure 

Liquid 

Chromatography 

(HPLC) 

Produces  liquid 
chromatograms  of  any 
soluble  liquid 

identifies  individual 
components  of  differing 
solubilities  or  size 

Formulation  verification 

Infrared 

spectroscopy 

Measures  IR  spectra 

Identifies  functional  groups 
attached  to  carbon 
backbone 

Formulation  verification 

Differential 

Scanning 

Calorimetry  (DSC) 

Performs  enthalpy 
measurements 

Determines  heat  of 
reaction 

Formulation  verification 

X-ray  fluorescence 

Measures  X-ray 
fluorescence  spectra 

Determines  sulfur  content 

Hardener  content 

Pyrolysis  -  Gas 

Chromatography 

(PGC) 

Determines  gas 
chromatograms  formed 
from  nonvolatile  organics 
by  thermal  decomposition 

Qualitative  and 
quantitative  analysis  of 
cured  epoxy 

Form ulation/in purity  verification 

Pyrolysis  -  Gas 
Chromatography  / 
Mass  Spectroscopy 
(PGC/MS) 

Allows  mass  spectrometer 
to  act  as  a  detector  for  the 
gas  chromatograph 

Qualitative  and 
quantitative  analysisof 
cured  epoxy 

For mulation/im purity  verification 

Infrared 

spectroscopy 

Measures  IR  spectra 

Functional  group  analysis 

Formulation  verification 

X-ray  fluorescence 

Measures  X-ray 
fluorescence  spectra 

Determines  sulfur  content 

Hardener  content 

Thermomech  jmcal 

Analysis 

(TMA) 

Measures  material 
thermal  mechanical 
response 

Determines  glass  transition 

Identify  general  resin  system 

Figure  3-3.  Fai'ure  Analysis  Techniques  for  Materials  Characterization 
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cure  procedure.  Alterations  in  the  prepreg  formulation  can  reduce  reaction  rates  during 
cure.  Therefore,  when  a  sufficient  degree  of  undercure  is  detected,  it  is  generally 
recommended  that  additional  tests  be  carried  out  on  the  original  prepreg  (from  that  spe¬ 
cific  lot,  if  possible)  to  verify  its  chemistry. 

In  some  analyses,  identifying  the  specific  resin  system  used  may  be  important;  however, 
the  investigator  should  be  aware  that  analytical  capabilities  are  only  partially  developed, 
and  are  in  their  infancy  for  more  recent  resin  formulations  and  systems.  Sufficient  diff¬ 
erences  exist  in  basic  formulations  so  that  relatively  simple  tests  may  be  used  to  identify 
different  systems,  but  for  the  most  part,  the  ability  to  identify  resin  systems  within  the 
same  temperature-cure  family  is  relatively  difficult. 

3.1.1  Laminate  Lay-Up  and  Ply  Orientation  Analyses 

Unlike  homogeneous  materials,  most  modern  composite  materials  are  fabricated  by  lami¬ 
nating  together  a  large  number  of  relatively  thin  gage  woven  or  unidirectional  plies.  For 
structures  made  from  such  materials  it  is  important  to  recognize  that  engineering  proper¬ 
ties,  and  hence  the  component's  ability  to  operate  without  failure,  depend  upon  the  cor¬ 
rect  number,  sequence  and  orientation  of  plies  being  used  to  make  up  the  laminate.  In 
general,  the  significance  of  errors  depends  upon  the  particular  material  in  question  as  well 
as  the  magnitude  of  mistake  in  terms  of  the  overall  laminate  construction.  For  example, 
an  overall  off-axis  rotation  of  5  degrees  can  reduce  the  ultimate  compression  strength  of 
a  unidirectional  graphite  epoxy  laminate  by  as  much  54  percent.  In  contrast,  a  5  degree 
rotation  of  only  one  ply  out  of  a  30  ply  laminate  probably  would  produce  less  than  a  2 
percent  decrease  in  ultimate  strength.  From  this  standpoint  it  is  critical  that  the  impact 
of  identified  discrepancies  be  accurately  identified  and  taken  into  consideration  prior  to 
their  reporting  or  possible  identification  as  a  significant  contributor  to  the  cause  of 
failure. 

Errors  in  lay-up  can  also  have  significant  effects  not  directly  related  to  those  engineering 
properties  considered  as  part  of  typical  design.  The  materials'  coefficient  of  thermal 
expansion  represents  one  such  property,  where  variations  in  stacking  sequence  can 
produce  significant  amounts  of  panel  warpage  or  internal  residual  stresses.  These  internal 
stresses  have  been  found  to  cause  damage  such  as  gross  delamination  and  matrix  cracking 


within  the  laminate  plies.  Such  damage,  while  not  always  directly  responsible  for  failure, 
may  in  many  cases  constitute  one  of  several  contributory  conditions  resulting  in  prema¬ 
ture  failure. 

For  continuous  fiber  reinforced  composite  materials,  the  exact  design  properties  which 
should  be  checked  as  part  of  a  ply  lay-up  analysis  will  depend  strongly  upon  the  require¬ 
ments  of  the  specific  component  examined.  However,  as  a  general  guideline,  critical 
parameters  which  should  be  given  consideration  in  the  event  discrepancies  are  detected 
should  include: 

•  Young's  Modulus. 

•  Basic  laminate  strength  (tension,  compression,  shear). 

•  Notch  sensitivity  (tension  and  compression). 

•  Buckling  stability. 

•  Internal  thermal  stress  or  residual  stress  conditions. 

•  Alterations  in  environmental  susceptibility. 

Some  of  the  most  common  errors  in  ply  layup  include: 

•  Missing  or  additional  plies. 

•  Improper  angular  orientation. 

•  Improper  ply  type,  grade  or  style. 

Several  relatively  straightforward  methods  exist  for  analyzing  the  orientation,  stacking 
sequence  and  number  of  plies  making  up  a  composite  structure.  Optical  metallography  is 
the  most  obvious  and  direct  technique.  Adapted  from  the  microstructural  analyst  of 
metals,  this  technique  involves  the  optical  examination  of  finely  polished  cross  sections 
using  a  standard  reflected-light  optical  microscope.  Other  methods,  although  not  as  quick 
or  simple,  include  image  analysis  and  radiography.  Specific  details  of  each  of  these 
methods  are  presented  in  the  following  paragraphs. 

Similar  to  standard  metallurgical  failure  analysis  procedures,  selection  of  areas  for 
examination  generally  constitutes  the  critical  step  involved  in  understanding  internal 
material  characteristics.  For  most  failures,  detailed  examinations  should  be  carried  out 


in  all  areas  of  the  part  representative  of  the  typical  structure.  For  example,  in  a  skin 
panel  with  attached  stringers,  a  thorough  analysis  should  examine  both  the  skin  as  well  as 
the  stringer  constructions  regardless  of  whether  the  failure  occurred  in  only  one  of  these 
primary  components,  for  example  the  skin.  Reductions  in  modulus  due  to  a  lay-up  error  of 
one  component  can  often  produce  higher  loads  in  an  adjacent  part  of  the  panel  resulting  in 
premature  failure  at  a  location  not  related  to  the  original  error.  Generally,  as  a  final 
step,  metallographically  prepared  cross-sections  should  also  be  taken  through,  or  adjacent 
to,  the  origin  area  of  failure  to  examine  for  local  discrepancies  and  ensure  material  uni¬ 
formity. 

3.1. 1.1  Optical  Microscopy  (For  Determination  of  Lay-Up  and  Ply  Orientation) 

Sectioning- Removal  of  sections  for  metallographic  preparation  can  be  performed  utilizing 
a  wide  variety  of  cutting  devices  as  long  as  some  care  and  forethought  is  given  to  the  type 
and  extent  of  damage  likely  to  be  generated.  Abrasively  coated  band  saw  or  circular 
blades  are  the  most  desirable  since  they  generate  the  least  damage  (no  further  than  0.15 
inch  from  the  cut)  and  are  widely  available.  If  possible,  a  coolant  such  as  water  should  be 
applied  during  the  cutting  operation  to  prevent  heat  damage,  provided  that  subsequent 
contamination  of  the  remaining  component  structure  is  not  a  concern.  If  abrasive  cutting 
equipment  is  not  available  or  coolant  contamination  is  a  concern,  hand  operated  toothed 
blades  or  saws  such  as  hack  or  coping  saws  can  be  used.  With  these  blades  every  effort 
should  be  made  to  use  as  fine  a  toothed  blade  as  possible  to  limit  damage.  With  these 
toothed  blades,  a  substantial  amount  of  damage  is  often  created  adjacent  to  the  cut  edge 
-  such  as  localized  delaminations  -  which  should  be  removed  during  subsequent  sanding 
operations. 

Metallographic  Preparation -The  basic  preparation  procedures  for  composites  are  the 
same  as  for  metals.  Depending  upon  the  size  of  the  section,  mounting  in  a  supportive 
resin  may  be  necessary  to  provide  a  stable  base  for  sanding  and  polishing.  Resins  requir¬ 
ing  elevated  temperature  for  cure  or  forming,  such  as  bakelite,  should  in  general  be 
avoided  since  many  may  approach  or  exceed  the  materials  original  cure  temperature  and 
thereby  introduce  additional  damage  such  as  embrittlement,  creep,  or  microcracking.  For 
most  applications  room  temperature  cure  systems  such  as  two  part  epoxies  or  methyl 
methacrylate  resins  work  well. 


Sanding  should  proceed  from  a  relatively  coarse  paper  (120  grit),  to  the  finer  grits  (600). 
Typically  wet-or-dry  sandpapers  are  used  during  this  procedure  with  a  substantial  amount 
of  water  being  applied  at  all  times  to  the  surface  being  sanded  to  remove  debris  and  pre¬ 
vent  heat  damage.  For  subsequent  operations  it  is  critical  that  the  sanded  surface  pro¬ 
duced  is  flat  to  ensure  full  surface  contact  during  the  final  polishing  operations.  For  most 
composite  materials,  final  polishing  is  best  accomplished  by  utilizing  a  high  speed  polish¬ 
ing  wheel  covered  with  stretched  silk  (or  other  extremely  low  nap  material  such  as  nylon) 
in  combination  with  either  diamond  paste  or  an  equivalent  alumina  polishing  compound. 
Final  polishing  usually  does  not  require  a  large  number  of  steps;  usually  15  micron 
followed  by  3  micron  is  adequate.  Results  are  further  improved  by  fairly  heavy  downward 
pressure  and  counter-rotating  the  specimen  to  the  direction  of  wheel  rotation. 

Following  polishing,  etching  is  generally  not  required  due  to  the  distinct  optical  differ¬ 
ences  which  exist  between  most  fibers  and  the  surrounding  matrix  systems.  An  exception 
to  this  is  fiberglass  where  a  dilute  hydroformic  or  hydrofluoric  acid  etch  may  be  necessary 
to  enhance  fiber  visibility. 

Plies-The  orientation,  number,  and  stacking  sequence  of  plies  making  up  the  section  of 
interest  can  be  generally  identified  by  optical  microscopy  at  magnifications  ranging  from 
50X  to  400X.  At  the  lower  magnifications,  individual  plies  can  be  identified  by  pro¬ 
nounced  alterations  in  overall  reflectivity  due  to  the  fiber  orientation  of  each  ply,  or  by 
the  existence  of  a  linear  interfacial  region  of  reduced  fiber  density  (matrix-rich  layer) 
between  each  ply  (see  Figure  3-4).  Determination  of  the  precise  angular  orientation  of 
each  ply  requires  higher  magnification  examinations.  As  illustrated  in  Figure  3-5,  fibers 
intersecting  the  polished  surface  at  an  angle  appear  oval  in  shape.  With  this  method, 
large  differences  between  ply  orientations  are  easily  seen  by  large  variances  in  the  ellip¬ 
tical  shape  of  the  cross-sectioned  fibers.  In  determining  and  reporting  ply  orientations,  it 
is  important  to  reference  the  measured  angle  against  the  component's  defined  0  degree 
axis  to  prevent  confusion  and  maintain  consistency  with  other  analyses  such  as  stress 
analysis.  Commonly,  most  sections  are  taken  at  0,  45  or  90  degrees  to  the  defined  0 
degree  axis,  with  a  vertical  section  plane.  This  vertical  section  does  not,  however,  allow 
one  to  distinguish  between  certain  ply  orientations  such  as  +45  and  -45  degree  plies.  A 
recent  technique  has  been  developed  which  provides  differentiation  of  all  ply  angularities 
with  a  single  cross-sectional  planar  view.  In  this  method,  the  cross-section  is  prepared 


Figure  3-4.  Cross  Section  of  a  Laminate  With  Easily 
Differentiated  Ply  Separation 
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Figure  3-5.  Identification  of  Ply  Orientation  by 
Fiber  End  Shape  and  Ovality 
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such  that  the  polished  sectional  plane  is  at  a  45  degree  angle  through  the  thickness  of  the 
part.  This  technique  is  presented  in  Figure  3-6.  Small  differences  in  fiber  orientation, 
such  as  fiber  waviness,  can  be  determined  by  measuring  the  intersected  fiber  lengths  and 
utilizing  simple  trigonometric  calculations.  For  such  measurements,  the  sectional  plane 
should  be  vertical  so  that  fibers  from  the  primary  reference  plies  are  normal  to  the 
polished  surface.  This  will  result  in  the  reference  plies  appearing  circular  and  allowing 
measurement  of  nominal  fiber  diameter. 

3.1. 1.2  Image  Analysis  (For  Determination  of  Lay-Up  and  Ply  Orientation) 

Through  the  use  of  fairly  low  cost  image  analysis  systems,  both  ply  and  individual  fiber 
orientations  can  be  determined.  Through  optical  imaging  of  the  polished  cross-sections, 
the  intersectional  fiber  length  or  the  aspect  ratio  for  each  fiber  is  measured.  Simple 
trigonometric  calculations  with  these  data  is  then  used  to  determine  overall  ply  orienta¬ 
tion  in  each  region  of  view  or  the  average  and  worse  case  fiber  waviness.  Fiber  waviness 
can  be  critical  to  certain  product  forms  and  applications  like  unidirectional  or  filament 
wound  structures  in  which  fiber  nestling  and  tow  movement  occurs.  One  advantage  of 
image  analysis  is  that  an  automated  or  statistical  evaluation  of  material  integrity  is  avail¬ 
able.  Since  fiber  resolution  and  differentiation  from  the  surrounding  matrix  resin  is 
required,  high  magnification  (400X  or  more)  and  various  enhancement  techniques  such  as 
etching  (for  fiberglass)  or  staining  may  be  necessary. 

Image  analyses  can  also  be  used  to  determine  the  relative  percentage  of  voids  in  the  lami¬ 
nate.  Either  by  cross-sectioning  or  by  evaluation  of  the  fracture  surfaces,  a  quantitative 
assessment  of  the  planar  void  content  can  be  performed.  By  taking  several  measurements 
along  parallel  planes,  a  fairly  accurate  determination  of  the  void  shape,  distribution,  and 
percent  can  be  made. 

3.1. 1.3  Radiography  (For  Determination  of  Lay-Up  and  Ply  Orientation) 

A  nondestructive  technique  is  available  in  which  a  plan  view  image  of  ply  orientations  can 
be  determined.  This  involves  the  use  of  radiographically  opaque  tracer  yarns,  such  that 
X-ray  imaging  can  detect  these  doped  fiber  bundles.  For  tape  prepregs,  the  tracer  yarns 
are  placed  in  the  0  degree  direction  parallel  to  the  fiber  orientation.  For  fabric,  the  yarns 
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are  most  often  placed  in  the  warp  direction.  This  technique  is  most  useful  for  thin  lami¬ 
nates,  where  the  precise  number  of  plies  and  orientation  can  be  determined.  Thick  lami¬ 
nates  make  it  difficult  to  identify  the  number  of  plies,  although  anomalous  conditions  such 
as  ply  orientation  shift  and  ply  dropoffs  and  pickups  are  easily  detected.  Figure  3-7 
presents  a  radiograph  in  which  the  tracer  yarns  are  evident. 

3.1.2  Determination  of  Fiber,  Matrix,  Void,  and  Moisture  Content 

The  determination  of  the  constituents  present  in  the  cured  laminate  is  as  important  as 
identifying  the  layup  of  the  individual  plies.  These  details  provide  information  regarding 
the  microstructure  which  in  turn  can  be  directly  related  to  mechanical  properties  of  the 
overall  laminate.  For  instance,  a  20%  shift  in  the  fiber  (or  matrix)  content  has  been 
shown  to  result  in  a  decrease  in  mechanical  properties  as  large  as  50%.  Similarly,  void 
contents  above  3%  (by  volume)  can  significantly  reduce  interlaminar  tension  and  shear 
strength,  particularly  when  the  voids  concentrate  between  plies. 

3. 1.2.1  Fiber  and  Matrix  Content 

The  stiffness  and  strength  of  laminates  are  determined  by  the  internal  packing  geometry 
of  the  fibers  and  the  constitutive  behavior  of  the  fiber  and  matrix.  The  volume  fractions 
of  the  fibers  or  matrices  can  be  determined  by  three  methods:  (1)  gradient  density 
column,  (2)  chemical  matrix  digestion,  and  (3)  photomicrographic. 

The  gradient  density  column  method  is  performed  by  placing  the  sample  in  a  graduated 
column  containing  a  solution  with  a  gradient  of  density  from  top  to  bottom.  The  height  at 
which  the  sample  is  suspended  in  the  solution  can  be  used  to  calculate  the  overall  density 
of  the  sample.  The  specimen  density  can  then  be  used  to  calculate  fiber  volume  and  resin 
volume,  given  the  resin  density  and  fiber  density  as  known  constants. 

The  chemical  matrix  digestion  method  is  performed  by  dissolving  the  resin  with  hot  nitric 
acid  and  weighing  the  amount  of  fibers  remaining.  The  volume  fractions  of  fibers  and 
resin  can  then  be  determined  from  the  beginning  and  final  weights  and  the  known  identi¬ 
ties  of  the  constituent. 
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In  the  photomicrographies  technique,  the  number  of  fibers  in  a  given  area  of  polished 
cross-section  are  counted  and  the  volume  fractions  are  determined  as  the  area  fractions 
of  each  constituent.  Both  area  methods  and  line  intercept  methods  can  be  used  with  an 
image  analyzer  to  quickly  determine  fiber  volume  fractions. 

The  first  two  methods  require  a  much  larger  specimen  that  the  photomicrographic  tech¬ 
nique.  This  latter  method  must  use  many  sampling  areas  to  produce  reliable  results,  since 
the  area  viewed  is  about  a  hundredth  of  a  square  millimeter.  It  does,  however,  give  an 
accurate  view  of  the  fiber-matrix  distribution  and  void  content.  The  first  two  methods  do 
not  indicate  void  content,  which  can  result  in  erroneous  data  with  specimens  containing 
high  void  content  or  moisture  content. 

3. 1.2.2  Void  Content 

The  best  method  for  determining  void  content  is  the  photomicrographic  analysis,  as  dis¬ 
cussed  in  the  previous  paragraph.  When  inspecting  laminates  for  void  content,  the  cross- 
section  is  usually  taken  transverse  to  the  laminate  plane.  In  such  cases  where  the  voids 
are  concentrated  between  plies,  a  polished  section  in  the  plane  of  the  laminate  can  be 
examined  to  determine  void  content  specific  to  the  region  between  plies.  As  indicated 
above,  a  quantitative  image  analyzer  can  be  used  to  more  quickly  and  accurately 
determine  void  content. 

3. 1.2.3  Moisture  Content 

Moisture  content  of  cured  laminates  can  be  performed  by  thermal  drying  or  with  a  mois¬ 
ture  analyzer.  The  primary  difference  between  the  two  methods  is  that  the  moisture 
analyzer  can  differentiate  between  water  vapor  and  other  volatiles  which  escape  from  the 
specimen.  Thermal  drying  only  requires  an  accurate  weighing  balance  and  a  small  drying 
oven.  The  specimen  is  weighed  before  and  after  drying  to  determine  moisture  content. 
The  temperature  selected  should  be  much  less  than  the  cure  temperature  or  the  glass 
transition  temperature  (Tg).  For  a  177°C  (350°F)  system,  a  temperature  below  60°C 
(140°F)  is  recommended.  The  moisture  analyzer  is  much  quicker  (hours  versus  days)  and 
more  accurate,  however,  the  analyzer  is  relatively  an  expensive  unit  that  also  requires  a 
trained  operator. 


3.1.3  Material  Identification 


The  identification  of  the  composite  material  used  in  a  failed  part  may  be  necessary  to 
determine  the  cause  of  failure.  Material  identification  techniques  are  available  which  are 
suitable  for  cured  or  uncured  material  analysis.  Uncured  identification  techniques  are 
rarely  used  in  failure  analysis  because  the  prepreg  used  in  part  fabrication  is  rarely  avail¬ 
able.  Once  a  material  has  cured,  identification  of  materials  is  difficult  due  to  the  intrac¬ 
table  nature  of  a  thermosetting  polymer  matrix.  Since  many  of  the  currently  used  epoxies 
exhibit  nearly  identical  properties  (within  a  cure-temperature  family),  identification  of 
the  exact  resin  system  may  not  be  as  crucial  as  identifying  a  material  within  a  cure-tem¬ 
perature  family.  Due  to  the  extensive  vendor  certification,  receiving  inspection  testing, 
and  quality  control  records  maintained  throughout  the  aerospace  industry,  a  large  amount 
of  data  usually  exists  on  the  prepreg  used  in  any  specific  part.  Major  formulation  or 
production  errors  are  rare.  The  following  paragraphs  describe  techniques  for  identifica¬ 
tion  of  cured  or  uncured  composite  materials. 

3. 1.3.1  Uncured  Material  Identification 

Evaluation  techniques  for  uncured  epoxy  prepreg  are  fairly  well  established.  Several 
analytical  techniques  to  characterize  the  uncured  prepreg  including  High  Performance 
Liquid  Chromatography  (HPLC),  Infrared  (IR)  Spectroscopy,  Differential  Scanning  Calori¬ 
metry  (DSC),  Automatic  Absorption  Spectroscopy,  and  X-ray  Fluorescence  provide 
detailed  information  to  the  investigator.  Each  technique  is  discussed  in  more  detail 
below. 

Generally,  uncured  material  identification  techniques  are  seldom  used  in  failure  analysis 
because  the  prepreg  materials  used  to  fabricate  the  failed  part  are  not  available  to 
analysis.  The  most  commonly  used  techniques,  when  the  prepreg  is  available,  are  HPLC 
and  IR  Spectroscopy.  liPLC  and  IR  are  widely  utilized  in  the  aerospace  industry  to  "fin¬ 
gerprint"  the  prepreg  resin  formulation.  Standard  HPLC  chromatograms  and  IR  spectra 
exist  for  all  qualified  materials.  These  standards  provide  a  quick  check  of  resin  formula¬ 
tion.  DSC  is  less  frequently  used  for  material  identification.  Although  DSC  can  identify 
reaction  types,  specific  resin  system  formulations  are  difficult.  X-ray  fluorescence  is 
used  to  detect  sulfonyl  groups  to  verify  the  amount  of  DDS  hardener  present.  Atomic 
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absorption  spectroscopy  is  utilized  to  detect  boron  which  verifies  the  level  of  BF3  cata-  , 

lyst  present.  X-ray  fluorescence  and  atomic  absorption  spectroscopy  are  usually  used  only 
if  anomalies  are  detected  in  HPLC,  1R,  or  DSC.  ' 

High  Pressure  Liquid  Chromatography  (HPLC)  is  a  common  technique  for  chemical  char¬ 
acterization  of  composite  matrices.  HPLC  separates  individual  resin  components  accord¬ 
ing  to  their  size  or  solubility  using  high  efficiency,  micro  particulate  columns.  * 

HPLC  test  procedures  are  well  established  in  the  aerospace  industry  because  of  the  wide¬ 
spread  usage  of  HPLC  for  "fingerprint"  inspection  of  resin  formulation.  Resin  samples  are 
extracted  using  an  HPLC  grade  solvent  such  as  63:37  CH3CN:H20.  A  schematic  of  a 
HPLC  test  setup  and  instrument  parameters  are  shown  in  Figure  3-8.  The  extracted  sam¬ 
ple  is  injected  into  the  column  and  analyzed  using  an  ultraviolet  detector.  A  typical 
HPLC  chromatograph  is  shown  in  Figure  3-9.  Components  can  be  identified  by  comparing 
the  peak  positions  on  the  chromatograms  to  a  reference  standard.  Peak  areas  can  be  used  } 

to  determine  relative  concentrations. 

Infrared  Spectroscopy  (IR)  is  an  organic  chemical  analysis  tool  which  is  extremely  sensi¬ 
tive  to  the  overall  chemical  makeup  of  a  complex  chemical  formulation.  IR  measures  the 
absorption  of  incident  infrared  radiation,  and  is  used  to  verify  epoxy  resin  formulation. 

This  technique  is  well  suited  for  characterizing  commercial  epoxy  resins  which  often  con¬ 
tain  several  components  such  as  aromatic  epoxy  main,  reactive  epoxy  diluents  for  flow 
control,  aliphatic  epoxy  flexiblizers,  elastomers,  curing  agents,  catalysts,  or  accelerators. 

IR  can  accurately  fingerprint  the  total  resin  formulation  by  detecting  the  absorbed 
frequencies  of  infrared  light  associated  with  the  vibrations  of  specific  molecular  func¬ 
tional  groups.  The  degree  of  absorbence  is  proportional  to  the  amount  of  functionality  in 
the  resin  formulation. 

Because  IR  is  able  to  accurately  fingerprint  a  given  formulation,  it  is  used  as  a  quality 
control  tool  to  assure  that  lot-to-lot  variations  do  not  exceed  certain  limits.  IR  would 
also  be  useful  to  determine  the  manufacturer  of  the  material  when  unidentified  material 
is  encountered.  The  typical  application  requires  that  the  resin  is  extracted  from  the  pre- 
preg  with  reagent  grade  acetone  at  room  temperature.  The  extract  is  then  allowed  to  dry 
onto  a  salt  pellet  for  IR  analysis.  The  resultant  spectrum  is  then  compared  to  a  standard 
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Figure  3-8.  hTLC  Test  Setup  Schematic  and  Typical  Instrument  Parameters 
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epoxy  spectrum  acquired  from  the  supplier  or  on  a  previous  batch  of  material.  The  spec¬ 
trum  is  examined  for  contaminants  (additional  peaks)  or  gross  formulation  changes 
(changes  in  the  relative  peak  ratios).  An  example  of  a  standard  epoxy  resin  spectrum  is 
shown  in  Figure  3-10.  If  a  deviation  from  the  standard  spectrum  is  observed,  then  each 
subcomponent  should  be  quantified  and  compared  to  standard  formulation  quantities. 
Quantitation  methods  for  the  curing  agent  and  catalyst  are  considered  below. 

A  quantitative  method  for  determining  the  amount  of  Diaminodiphenyl  Sulfone  (DDS) 
curing  agent  and  carbonyl  epoxy  has  been  developed  for  the  3501  resin  system  (ref.  2). 
This  involves  constructing  a  working  calibration  curve  for  DDS  concentrations  in  solution 
versus  IR  absorbence  for  the  sulfone  peak  followed  by  a  measurement  of  the  absorbence 
of  the  unknown  concentration  of  DDS  in  an  epoxy  prepreg  extract.  An  alternate  qualita¬ 
tive  approach  would  rely  on  comparing  the  relative  change  in  the  ratio  between  these 
peaks  as  the  concentration  varied. 

Differential  Scanning  Calorimetry  (DSC)-DSC  is  a  thermal  analysis  technique  which  mea¬ 
sures  heat  flow  into  or  out  of  a  sample  by  measuring  the  differential  heat  (energy)  neces¬ 
sary  to  keep  the  sample  at  the  same  temperature  as  a  reference  sample.  In  the  case  of  a 
curing  epoxy  system,  DSC  measures  the  heat  released  during  the  exothermic  cure  reac¬ 
tions  as  the  specimen  is  heated  at  a  constant  heating  rate. 

DSC  can  be  used  to  identify  or  characterize  uncured  prepreg.  The  cure  of  typical  aero¬ 
space  epoxy  systems  consists  of  several  chemical  reactions  with  different  reaction  rates 
and  activation  energies  which  cause  certain  cure  reactions  to  be  favored  over  certain 
temperature  ranges.  The  reaction  types  occurring  in  a  particular  system  depends  on  the 
formulation  of  the  system.  DSC  can  be  used  to  separate  the  different  cure  reactions  to 
help  identify  a  particular  resin  system, 

A  typical  DSC  cell  is  shown  in  Figure  3-11.  The  sample  pan  and  reference  pan  are  placed 
in  the  cell.  An  inert  atmosphere  of  nitrogen  is  then  introduced  into  the  test  chamber. 
Heat  is  transferred  to  the  pans  through  the  sample  platforms  and  heat  flow  is  monitored 
by  thermocouples.  Generally,  prepreg  sample  sizes  of  approximately  10  mg  are  used  for 
DSC  experiments  depending  on  the  size  of  the  sample  pan  used.  Low  heating  rates  of 
about  2  to  5°C/minute  are  best  to  separate  the  various  reaction  peaks.  Heat  flow  versus 
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temperature  or  versus  time  at  constant  heating  rate  from  ambient  to  300°C  is  measured. 
An  interface  with  a  computer  or  microprocessor  for  experiment  control,  data  acquisition, 
and  data  analysis  provides  greater  accuracy  and  more  information  from  each  experiment. 

A  DSC  thermogram  for  the  Hercules  3501-6  resin  system  is  shown  in  Figure  3-12.  Exo¬ 
therm  peaks  are  observed  at  two  temperatures  (149°C  and  213°C).  The  lower  tempera¬ 
ture  peak  is  attributed  to  the  catalyzed  cure  reactions  while  the  higher  temperature  peak 
is  attributed  to  the  uncatalyzed  cure  reactions.  The  total  heat  of  reaction  (the  area 
between  the  thermogram  peaks  and  baseline  T1  to  T4),  the  relative  peak  size,  and  reac¬ 
tion  temperature  can  identify  resin  constituents.  Comparison  to  a  standard  thermogram 
can  identify  a  particular  resin  system. 

The  advantages  of  DSC  formulation  verification  are  the  small  sample  size  and  the  experi¬ 
mental  ease.  The  disadvantage  is  the  need  for  standard  thermograms  and  background 
information  for  system  identification. 

Atomic  Absorption  Spectroscopy  (AA)-AA  is  used  to  quantify  the  amount  of  BF3  contain¬ 
ing  catalyst  in  the  epoxy  resin.  AA  determinations  for  catalyst  concentration  are  initi¬ 
ated  when  HPLC  and  IR  indicate  a  significant  deviation  in  resin  formulation  has  occurred. 
The  underlying  principle  of  AA  is  the  absorption  of  a  discreet  wavelength  of  light  by  a 
vaporized  prepreg  resin  extract.  For  boron,  249.7  nm  and  208.9  nm  wavelength  light  will 
be  attenuated  proportionately  to  the  boron  concentration.  A  boron  calibration  curve  is 
established  using  a  certified  standard.  Typical  working  range  of  concentrations  for  boron 
is  400  to  4000  microliter  per  milliliter  of  solution. 

X-ray  Fluorescence  Spectroscopy  (XRF)-XRF  can  be  used  qualitatively  or  quantitatively 
to  determine  the  amount  of  DDS  curing  agent  in  an  epoxy  prepreg  extract  by  quantifying 
the  amount  of  sulfur  present.  XRF  measurements  are  initiated  when  a  formulation 
change  is  suspected,  based  on  HPLC  or  IR  evaluation.  The  XRF  determination  is  based  on 
the  emission  of  X-rays  characteristic  of  sulfur  (0.537216  nm)  when  the  sample  is  irradi¬ 
ated  with  an  X-ray  source.  The  intensity  of  X-ray  emission  is  proportional  to  the  sulfur 
concentration.  An  example  of  a  qualitative  comparison  of  different  epoxy  resin  systems 
is  given  in  Figure  3-13. 
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3. 1.3.2  Cured  Material  Identification 


Once  a  material  has  cured,  ascertaining  its  identity  poses  a  relatively  difficult  problem 
arising  from  the  generally  similar  chemical  structure  of  cross-linked  thermosetting 
systems  and  the  tendency  of  the  cured  resins  to  resist  yielding  their  identities  by  typical 
analytical  methods.  However,  since  many  of  the  currently  used  epoxies  exhibit  nearly 
identical  properties  (within  a  cure-temperature  family),  identification  of  the  exact  resin 
system  used  may  not  be  as  critical  as  identifying  a  material  with  its  proper  cure  tempera¬ 
ture  family.  Through  the  combined  use  of  determinations  of  Tg  and  residual  heat  of 
reaction  measurements,  the  particular  cure-temperature  family  can  be  determined. 

In  some  isolated  cases  during  post-failure  analysis  investigations,  identifying  the  specific 
resin  system  used  to  fabricate  the  failed  part  may  be  important;  however,  the  investigator 
should  be  aware  that  extensive  capabilities  in  this  area  are  only  partially  developed.  Suf¬ 
ficient  differences  exist  in  basic  formulation  so  that  relatively  simple  tests,  such  as  X-ray 
fluorescence  (XRF)  may  be  used  to  identify  different  systems.  For  the  most  part,  the 
ability  to  identify  resin  systems  within  the  same  cure-temperature  family  is  difficult. 

Two  of  the  most  promising  techniques  are  pyrolysis  gas  chromatography  (PGC)  and  diffuse 
reflectence  (FTIR)  spectroscopy.  These  techniques  are  discussed  in  the  following  para¬ 
graphs. 

Pyrolysis  Gas  Chromatography  (PGC)— This  method  is  used  to  determine  epoxy  matrix 
chemical  formulation.  Pyrolysis  is  the  vaporization  and  degradation  of  the  matrix  resin 
under  controlled  heating.  The  resulting  decomposed  products  pass  through  a  gas  chromat¬ 
ograph  which  separates  the  components  by  physical  or  chemical  parameters  such  as 
molecular  size  or  polarity. 

PGC  requires  samples  of  approximately  25-50  micrograms.  Pyrolysis  is  accomplished  at 
1000°C.  Typical  PGC  chromatograms  are  shown  in  Figure  3-14  for  two  commercial  epoxy 
systems.  The  resulting  PGC  chromatogram  can  be  used  to  identify  the  matrix  resin  by 
comparing  to  a  reference  fingerprint  standard. 

PGC/Mass  Spectrometry  (PGC/MS)-PGC/MS  consists  of  PGC,  as  described  above,  coupled 
with  a  mass  spectrometer  (MS).  In  order  to  identify  separated  pyrolysis  products  and 
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assign  component  structure  to  chromatographic  peaks,  the  pyrolysis  products  are  passed 
through  a  capillary  column  directly  into  the  mass  spectrometer.  A  typical  PGC  chromat¬ 
ogram  with  MS  peak  assignments  is  shown  in  Figure  3-15  for  DDS  hardener.  Identification 
of  resin  formulation  can  be  accomplished  using  PGC/MS. 

Infrared  Spectroscopy  OR)- Chemical  characterization  of  a  cured  composite  specimen  is 
important  in  order  to  establish  if  the  proper  resin  system  was  selected  and  to  establish  if 
any  environmental  degradation  has  occurred  to  the  chemical  structure.  Using  traditional 
transmission  IR  specimen  techniques,  a  cured  composite  can  be  analyzed.  Small  particles 
are  scraped  off  a  resin  rich  area  and  ground  to  a  fine  particulate  using  a  mortar  and 
pestle.  The  particulate  is  then  mixed  into  a  potassium-bromide  salt  pellet  for  analysis. 
Figure  3-16  illustrates  a  comparison  between  this  method  for  cured  resin  analysis  and  the 
standard  spectrum  for  the  uncured  resin.  Qualitatively  these  spectra  are  similar  (except 
for  the  loss  of  epoxide  groups  upon  curing)  and  may  prove  to  be  useful  in  a  failure  analysis 
where  a  database  of  uncured  and  cured  resin  systems  has  been  established. 

Diffuse  Reflectence  Infrared  Spectroscopy  (DRIFTS)-This  method  permits  direct  mea¬ 
surement  of  the  infrared  spectrum  from  a  cured  composite  resin.  Infrared  radiation  is 
focused  on  the  sample.  The  resulting  diffusely  scattered  infrared  radiation  is  collected 
with  a  large  solid  angle  detector.  The  spectrum  is  interpreted  as  a  normal  IR  spectrum 
would  be;  except  that  a  number  of  potential  artifacts  due  to  variations  in  sample  geome¬ 
try,  peak  distortions  and  spectral  interferences  may  occur.  Figure  3-17  (ref  3)  illustrates 
DRIFTS  spectra  of  a  composite  before  and  after  thermal  aging  where  increasing  oxidation 
with  aging  is  observed.  Note  the  increased  absorbence  levels  at  1654  to  1696  nm. 

3.1.4  Degree  of  Cure  Analysis 

The  degree  of  cure  of  a  thermosetting  polymeric  composite  matrix  is  a  critical  variable 
effecting  the  performance  of  the  composite,  especially  in  elevated  temperature  or  moist 
environments.  Insufficient  cure  may  occur  due  to  lower  than  required  cure  temperatures, 
shorter  than  required  cure  times,  or  due  to  errors  in  resin  formulation  or  chemistry. 

Errors  in  resin  formulation  or  chemistry  are  rare  because  of  the  stringent  specification 
requirements,  vendor  certification,  and  receiving  inspection  testing  common  throughout 
the  aerospace  industry.  However,  because  conditions  of  undercure  can  significantly 
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Figure  3-17.  Drifts  of  Graphite-Epoxy  (AS/3501-5)  Composite  Before  and  After  Thermal  Aging 
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impact  structural  integrity  and  can  be  rapidly  and  easily  checked,  their  analysis  should  be 
included  as  a  routine  step  in  most  failure  analyses.  Verifying  the  degree  of  cure  is 
analogous  to  checking  the  correct  heat  treat  condition  on  fractured  metal  components,  a 
procedure  considered  routine  in  metals  failure  analysis. 

As  described  in  the  materials  characterization  FALN  contained  in  paragraph  3.1,  verifying 
the  state  of  cure  of  a  fractured  component  normally  represents  the  first  stage  of  materi¬ 
als  characterization  analysis.  There  are  several  reasons  for  performing  such  analyses 
during  the  initial  stages  of  an  investigation.  Perhaps  the  most  significant  reason  is  that 
such  analyses  can  be  performed  quickly  and  easily  and  produce  results  which  may  have  a 
significant  impact  on  downstream  investigative  operations. 

In  most  cases,  evaluation  of  the  degree  of  cure  of  a  failed  component  is  best  addressed  by 
a  two  stage  process.  In  the  first  stage,  glass  transition  temperature  (Tg)  analysis 
establishes  whether  a  lower  than  expected  degree  of  cure  may  exist.  These  analyses  (par¬ 
agraph  3. 1.3.1)  are  generally  relatively  easy  to  perform  and  therefore  impose  a  relatively 
small  impact  on  the  amount  of  effort  necessary  to  carry-out  an  investigation.  As  with 
evaluating  the  heat  treat  of  metals,  most  of  the  time  the  appropriate  thermal  processing 
has  been  performed,  and  similarly  for  composites,  the  correct  degree  of  cure  will  be 
detected  and  further  analyses  will  not  be  necessary.  However,  if  the  glass  transition 
temperature  (Tg)  of  the  laminate  and  a  subsequent  retest  of  a  dried  (desiccated)  laminate 
does  ot  match  that  anticipated  for  the  material  used,  the  second  stage  analyses  (para¬ 
graph  3. 1.3.2)  should  be  performed.  This  involves  determination  of  the  extent  of 
unreacted  material  -  can  be  performed  to  evaluate  if  this  anomaly  represents  a  condition 
of  undercure.  Here  it  should  be  noted  that  a  low  Tg  may  arise  both  from  inadequate 
processing  or  resin  formulation  errors,  as  well  as  the  accidental  use  of  a  wrong  material 
such  as  a  250°F  curing  prepreg  in  place  of  a  350°F  curing  prepreg.  A  detailed  description 
of  the  logical  sequence  of  steps  (FALN)  involved  in  assessing  the  materials'  degree  of  cure 
was  presented  in  paragraph  3.1. 

3. 1.4.1  Glass  Transition  Temperature  (Tg)  Analysis 

The  temperature  at  which  an  amorphous  polymer  reversibly  changes  from  a  brittle,  glassy 
state  to  a  more  flexible,  rubbery  state  is  the  glass  transition  temperature.  In  the  case  of 
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thermosetting  polymers  this  transition  temperature  directly  reflects  the  degree  of  cure 
achieved  by  the  material.  This  transition  temperature  is  manifested  as  a  change  in  slope 
of  the  curve  obtained  by  plotting  any  of  the  primary  thermodynamic  properties  against 
temperature.  This  change  in  slope  falls  in  the  same  temperature  range  as  that  in  which 
mechanical  softening  occurs.  A  variety  of  techniques  exist  by  which  the  point  of  this 
softening  can  be  determined.  The  most  common  are  thermal  analysis  tests  such  as 
thermo-mechanical  analysis  (TMA)  and  dynamic  mechanical  analysis  (DMA),  and  differ¬ 
ential  scanning  calorimetry  (DSC).  TMA  is  the  most  common  technique  for  failure  analy¬ 
sis  because  of  the  small  sample  requirement  and  the  ease  of  testing  and  evaluation.  DMA 
and  DSC  can  be  used  to  determine  the  Tg,  however  are  less  attractive  due  to  specimen 
preparation,  performance,  and  interpretation  difficulties.  These  methods  are  more 
appropriately  used  in  failure  analyses  for  determination  of  the  extent  of  unreacted 
material  and  environmental  effects,  as  discussed  in  the  following  paragraph. 

Thermomechanical  Analysis  (TMA)— This  method  is  designed  to  measure  (with  extremely 
high  sensitivity)  the  relative  linear  displacement  of  a  quartz  probe  placed  in  contact  with 
the  sample  surface.  During  controlled  heating,  a  record  is  generated  revealing  thermally 
dependent  dimensional  changes  exhibited  by  the  sample  and  therefore  the  materials'  glass 
transition  temperature.  For  this  method  several  variations  can  be  used  to  support  the 
sample  and  measure  dimensional  behavior.  Specific  methods  commonly  available  on  most 
instruments  include: 

•  Penetration-In  this  mode,  a  probe  is  place  on  the  side  of  a  small  rectangular 
specimen  cut  from  the  sample.  Typically,  a  cubic  shaped  specimen  with  0.1  to 
0.15  inch  for  each  dimension  is  used  for  this  technique.  This  small  sample  size 
lowers  the  concern  of  thermal  lag.  The  generation  of  any  thermal  lag  between 
the  temperature  of  the  sample  (which  is  uncontrolled)  with  that  of  the  sur¬ 
rounding  chamber  (which  is  controlled)  can  affect  data  accuracy.  For  most 
samples,  the  direction  of  fiber  orientation  does  not  represent  a  critical  param¬ 
eter  in  this  test  since  only  relative  dimensional  measurements  are  being  made, 
however  placement  of  the  probe  directly  on  the  carbon  fibers  instead  of  the 
epoxy  resin  may  interfere  with  sharp  definition  of  the  glass  transition.  During 
the  test,  the  specimen  is  situated  as  shown  in  Figure  3-18,  heated  at  a  con¬ 
trolled  rate,  typically  5°  to  25°C/minutc,  and  the  glass  transition  temperature 
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Figure  3-18.  Glass  Transition  Temperature 

Determination— TMA  Penetration 
Test  Setup 
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determined  by  a  pronounced  downward  movement  of  the  probe  indicating 
matrix  softening,  Figure  3-19.  Typically,  several  specimens  from  a  part  are 
characterized.  The  measured  Tg  can  then  be  averaged  to  minimize  errors  due 
to  specimen  inhomogeneity  on  a  small  scale. 
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Figure  3-19  Glass  Transition  Temperature 
Determination  — TMA 
Penetration  Test  Measurement 
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•  Flexure— In  this  test  mode,  a  rectangular  sample  0.1  inch  in  width  by  0.25  to 

0.50  inch  in  length  by  2  to  4  plies  in  thickness  is  placed  in  three  point  flexural 
stress  within  the  test  chamber  as  shown  in  Figure  3-20.  With  this  configura¬ 
tion  the  probe  measures  beam  deflection  as  a  function  of  temperature.  Again, 
as  the  transition  temperature  is  reached  the  resin  softens,  the  beam  (speci¬ 
men)  deflects,  and  an  inflection  in  the  slope  of  the  thermogram  being  gener¬ 
ated  occurs.  Nominally,  the  heat-up  rate  is  approximately  20°C/Minute  with  a 
probe  load  of  10  grams.  A  thermogram  of  a  177°C  (350°F)  epoxy  system  is 
presented  in  Figure  3-21,  showing  the  tangents  to  the  slope.  The  Tg  is  defined 
as  the  temperature  at  which  the  tangents  intercept.  Care  should  also  be  taken 
to  not  remove  specimens  from  the  laminate  near  a  surface  which  has  a  differ¬ 
ent  chemistry  or  cure  temperature  material  attached.  This  includes  adhe¬ 
sively  bonded  regions,  potted  areas  or  surfaces  which  have  had  surface  prep 
fabric  such  as  peel-ply. 
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Figure  3-21.  Glass  Transition  Temperature 

Determination— TMA  Flexure  Test 
Measurement 
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Figure  3-20.  Glass  Transition  Temperature 

Determination— TMA  Flexure  Test 
Setup 
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•  Expansion— This  test  is  run  in  much  the  same  manner  as  penetration,  except  a 

larger  diameter  probe  is  utilized  to  prevent  penetration  into  the  sample  at  the 
point  of  softening.  As  the  specimen  is  heated,  the  resin  is  free  to  expand  in 
the  transverse  or  lateral  direction.  Since  a  distinct  increase  in  the  rate  of 
thermal  expansion  normally  occurs  at  the  glass  transition,  the  thermogram 
generated  by  this  technique  typically  provides  an  additional  method  by  which 
to  determine  the  materials*  glass  transition  (Figure  3-22).  As  in  the  penetra¬ 
tion  method,  placement  of  the  probe  directly  on  carbon  fibers  may  interfere 
with  accurate  Tg  determination. 

Of  the  three  methods  discussed  above,  the  preferred  method  is  the  flexural  technique. 
Generally,  the  flexural  test  method  produces  sharper,  more  distinct  inflections  and  only 
requires  a  very  small  sample.  The  penetration  and  expansion  methods  are  used  less  often 
because  of  the  interference  of  the  carbon  fibers  with  accurate  Tg  determination. 


Figure  3-22.  Determination  of  Tg  by 
Expansion  Method 
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Dynamic  Mechanical  Analysis  (DMA)— High  performance  epoxy  systems  used  in  composite 
matrices  exhibit  a  viscoelastic  response  to  applied  mechanical  strains.  Dynamic  Mechani¬ 
cal  Analysis  (DMA)  techniques  are  a  useful  means  of  determining  the  viscoelastic  nature 
of  epoxy  matrices.  The  glass  transition  temperature  can  be  determined  from  DMA  exper¬ 
iments. 

DMA  involves  the  application  of  a  sinusoidally  oscillating  tensile,  torsional,  or  flexural 
strain  to  a  sample  and  measuring  the  response  versus  increasing  temperature  from  -150°C 
to  400°C.  Heating  rates  vary  from  l°C/minute  to  10°C/minute  depending  on  the  sample 
size.  Data  are  presented  in  terms  of  storage  modulus  (elastic  component),  loss  modulus 
(viscous  component)  and  tangent  delta  (ratio  of  loss  modulus  to  storage  modulus)  versus 
test  temperature. 

Typical  DMA  data  are  shown  in  Figure  3-23.  The  glass  transition  temperature  can  be 
determined  as  the  peak  temperature  of  the  high  temperature  transition  in  tangent  delta  or 
loss  modulus  or  as  the  knee  of  the  storage  modulus  curve. 

DMA  is  typically  not  used  where  only  glass  transition  temperature  measurement  is 
required.  Larger  sample  sizes  and  more  difficult  sample  preparation  and  test  methods 
limit  the  utility  of  DMA  for  glass  transition  measurement.  Since  carbon  fibers  tend  to 
diminish  the  viscoelastic  transition  magnitudes,  samples  should  be  tested  in  a  matrix 
dominated  direction  if  possible. 


Temperature,  °C 


Figure  3  23  Typical  DMA  Plot  for  Cured 

Epoxy  Showing  G'ass  Transition 
Determination 
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Differential  Scanning  Calorimetry  (DSC)-DSC  techniques  similar  to  those  described  in 
paragraph  3.1. 2.1  can  be  used  to  determine  the  glass  transition  temperature  of  a  cured 
epoxy  composite  sample  except  that  sample  sizes  of  approximately  5  mg  are  tested  at 
approximately  20°C/minute  heating  rate. 

A  typical  DSC  thermogram  for  a  cured  epoxy  is  shown  in  Figure  3-24.  The  glass  transition 
will  appear  as  a  change  in  the  slope  of  the  DSC  thermogram.  Determination  of  glass  tran¬ 
sition  temperature  using  DSC  is  sometimes  difficult  because  of  the  exotherm  peaks  due  to 
additional  reaction  during  the  DSC  test. 


3. 1.4.2  Extent  of  Unreacted  Material 


An  undercured  condition  may  be  indicated  by  a  lower  than  expected  glass  transition  temp¬ 
erature  determined  as  described  in  paragraph  3.1.  However,  a  low  glass  transition 
temperature  may  also  be  due  to  environmental/moisture  effects  or  to  formulation  errors. 
To  show  that  the  low  glass  transition  temperature  is  due  to  undercure  it  may  be  necessary 
to  determine  the  extent  of  reaction  by  analysis  of  the  residual  unreacted  material,  as 
shown  in  the  materials  characterization  paragraph  3.1.  Before  testing  for  extent  of 
reaction,  glass  transition  temperature  tests  should  be  rerun  on  a  desiccated  laminate  to 
eliminate  moisture  effects  as  a  cause  of  low  Tg. 

The  most  effective  means  of  determining  the  extent  of  unreacted  material  is  by  measur¬ 
ing  the  residual  heat  of  reaction  using  DSC.  This  method  has  the  advantage  of  small 
sample  sizes  and  fast,  simple  experimental  procedures.  DMA  can  show  the  effects  of  both 
undercure  and  environmental  exposure,  although  the  larger  sample  size  and  difficult  data 
analysis  discourage  widespread  usage.  Solvent  extraction,  with  or  without  subsequent 
analysis  using  IR  spectroscopy,  may  also  be  used  to  indicate  extent  of  unreacted  material. 
Excessive  handling  and  analysis  difficulty  discourage  these  techniques. 

Differential  Scanning  Calorimetry  (DSC)~DSC  can  be  used  to  measure  the  heat  of  residual 
reaction  in  a  partially  cured  epoxy  matrix.  Experimental  procedures  as  described  in  para¬ 
graph  3.1  are  used  on  cured  laminates.  The  heat  of  residual  reaction  is  the  area  between 
the  DSC  thermogram  and  a  baseline  drawn  from  the  reaction  onset  temperature,  Ts,  to 
the  reaction  completion  temperature,  Tc,  as  shown  in  Figure  3-24.  The  presence  of  mea¬ 
surable  heat  of  residual  reaction  indicates  some  undercure.  The  extent  of  unreacted 
material  can  be  calculated  by  dividing  the  heat  of  residual  reaction  by  the  total  heat  of 
reaction  of  the  prepreg  (paragraph  3.1). 

Dynamic  Mechanical  Analysis  (DMA)-DMA  can  be  used  to  detect  undercure  and  moisture 
degradation  of  cured  laminates.  Experimental  procedures  as  described  in  paragraph  3.1 
are  used.  An  undercured  laminate  will  exhibit  a  double  high  temperature  peak  in  tangent 
delta  and  loss  modulus  plus  an  initial  loss  with  subsequent  recovery  of  storage  modulus  as 
shown  in  Figure  3-25.  The  initial  softening  (increase  in  tangent  delta,  loss  modulus; 
decrease  in  storage  modulus)  is  attributed  to  the  glass  transition  of  the  original  under- 
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Figure  3-25.  DMA  Loss  Modulus  Versus  Temperature  Showing  Effect  of  Undercure 
for  Epoxy  Resin 
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cured  material.  As  the  test  temperature  increases,  the  matrix  undergoes  further  cure 
allowing  a  recovery  of  properties.  The  final  softening  is  due  to  the  glass  transition  of  the 
fully  cured  material.  Laminates  with  absorbed  moisture  exhibit  a  peak  in  tangent  delta 
and  loss  modulus  at  approximately  100°C  due  to  the  increased  activity  of  moisture  at  this 
temperature.  The  presence  of  this  peak  indicates  significant  absorbed  moisture  in  the 
laminate. 

Solvent  Extraction  /  Infrared  Spectroscopy-This  method  can  be  used  to  remove  low 
molecular  weight  (uncured  or  partially  cured)  polymer  from  the  surrounding  cured  matrix. 
A  solvent  such  as  dimethyl  acetamide  (DMAc)  or  reagent  grade  acetone  may  be  used  to 
extract  the  uncured  segments  from  a  thin  sample  laminate.  By  weighing  a  solvent 
extracted  and  desiccated  (moisture  free)  sample  the  percent  of  unreacted  material  can  be 
calculated. 

The  extracted  sample  can  be  analyzed  using  IR  spectroscopy.  The  test  procedure  is  ident¬ 
ical  to  that  described  in  paragraph  3.1.  The  unreacted  functional  groups  can  be  identified 
by  the  peaks  in  the  IR  spectra.  The  extent  of  reaction  can  be  determined  from  the  peak 
intensities  by  comparison  to  standard  prepreg  spectra. 

3.1.5  Cured  Material  Contamination  Analysis 

Cured  composites  may  contain  defects  due  to  contamination  during  manufacturing  and 
assembly  of  composites  structures.  Foreign  material  contamination  present  in  the  cured 
composite  is  readily  identified  by  an  array  of  traditional  chemical  analysis  tools.  This 
paragraph  addresses  the  methods  for  selecting  the  technique  and  interpreting  the  data. 
Emphasis  is  also  placed  on  showing  how  the  contaminant  affects  the  fracture  morphology 
and  the  ultimate  integrity  of  the  failed  component. 

The  essence  of  a  successful  material  contamination  analysis  is:  (1)  Recognition  of  the 
anomalous  fracture  morphology,  (2)  Exact  documentation  and  interpretation  of  the  anom¬ 
alous  features,  (3)  Chemical  identification  of  the  material  contamination,  (4)  Establishing 
that  the  detected  contamination  is  not  an  artifact  of  specimen  handling  or  post-failure 
inservice  exposures,  (5)  Identifying  possible  sources  of  contamination,  and  (6)  Evaluating 
the  criticality  of  the  contaminant  as  related  to  crack  growth  and  initiation. 


Foreign  material  defects  lead  to  lower  crack  propagation  energies  and  corresponding  a 
typical  fracture  morphology.  Contamination  analysis  is  initiated  when  anomalous  crack 
propagation  or  foreign  material  inclusions  are  detected  on  the  fracture  surface  during  the 
course  of  the  FALN  execution.  While  performing  optical  microscopy  or  SEM  examination 
of  the  fracture  surfaces,  the  specific  fracture  morphology  allows  the  analyst  to  classify 
the  contamination  as  either  a  particulate  or  weak  boundary  layer  contamination.  This 
step  is  crucial  to  selecting  the  steps  needed  to  chemically  identify  the  contamination  and 
to  relate  the  analysis  to  the  overall  failure  analysis  and  location  of  the  origin.  It  is  also 
crucial  to  be  able  to  recognize  artifacts  created  by  sample  preparation  or  due  to  postfail¬ 
ure  exposure  to  contamination  sources.  The  following  definitions  will  serve  to  classify 
contamination  types. 

3.1.5.1  Particulate  Contamination 

In  this  case,  inhomogeneous  resin  fracture  will  be  observed  with  inclusion  particles  on  the 
fracture  plane  with  the  optical  or  electron  microscope.  The  particulate  significantly 
reduces  the  net  cross-sectional  load  bearing  area  leading  to  lowered  properties  such  as 
reduced  interlaminar  shear  and  tensile  strength.  Although  composites  with  their  fiber 
reinforced  construction  are  less  sensitive  to  small  localized  defects,  large  particulates 
have  been  found  to  initiate  failure.  An  individual  particle  defect,  if  located  at  a  critical 
location,  may  also  act  as  a  crack  initiation  site  with  corresponding  fracture  lines  radiating 
from  the  defect. 

3.1. 5.2  Weak  Boundary  Contamination 

The  presence  of  weak  boundary  surfaces  account  for  the  majority  of  crack  initiation  and 
subsequent  component  failures  due  to  contamination.  The  weak  boundary  layer  acts  as  a 
barrier  to  adhesive  bonding  between: 

•  Adjacent  plies. 

•  Dissimilar  materials  or  microconstituents  such  as  fiber  and  resin  or  honeycomb 
core  and  laminate. 

•  Adhesively  bonded  subcomponents  such  as  stringers  and  skin. 
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The  weak  boundary  layer  is  formed  by  a  chemical  compound  which  interferes  with  the 
wetting  and  adhesion  mechanism  between  the  epoxy  adhesive  layers.  Int  ?rfering  chemi¬ 
cals  such  as  hydrocarbons,  fluorocarbons,  and  silicones  are  common  in  composite  manu¬ 
facturing  as  mold  release  compounds  and  parting  agents.  During  the  fracture  event,  the 
weak  boundary  layer  provides  a  low  energy  crack  propagation  pathway  through  the  struc¬ 
ture.  The  fracture  surfaces  exhibit  localized  regions  of  smooth  and  featureless  mating 
fracture  surfaces,  as  opposed  to  normal  fractures,  where  there  is  significant  resin  micro¬ 
flow  deformation,  hackle  formation  and  secondary  cracking.  When  stress  analysis  has 
indicated  that  a  composite  structure  failed  at  a  fraction  of  the  design  limit  strength,  and 
delaminations  are  present,  weak  boundary  contamination  layers  should  be  suspected. 

As  illustrated  in  Figures  3-26,  3-27,  and  3-28,  contamination  caused  by  Teflon  paddle  and 
Frekote  release  agent  along  the  interlaminar  ply  interface  exhibit  inhomogeneous  resin 
fracture  as  compared  to  a  typical  uncontaminated  baseline  fracture  specimen  illustrated 
in  Figure  3-29.  A  second  example  of  an  isolated  foreign  particle  inclusion,  in  Figure  3-30 
illustrates  the  distinctive  fracture  surface  asperity  and  crack  initiation  lines  radiating 
from  the  particle.  However,  isolated  particles  will  not  significantly  degrade  the  struc¬ 
tural  integrity  of  the  composite.  This  is  because  the  fibers  already  act  as  primary  sites  of 
crack  initiation.  As  a  result,  low  delamination  strengths  are  expected  and  incorporated 
into  the  designs.  Particulate  contamination  along  these  directions  can  be  tolerated  in 
moderate  amounts  without  significantly  affecting  the  performance. 

Special  care  must  be  taken  to  avoid  confusing  the  post-failure  surface  debris  on  the  frac¬ 
ture  surface  with  foreign  particle  inclusions  in  the  resin.  By  definition  the  surface  debris 
will  not  initiate  radiating  fracture  lines.  This  is  especially  a  problem  where  the  fracture 
surface  has  had  a  long  environmental  exposure  or  experienced  in-service  cyclic  loading 
conditions.  Caution  should  also  be  exercised  when  extensive  mechanical  cutting  was 
required  to  extract  the  specimen  from  the  failed  component.  Often  the  particle  shape 
can  lead  to  identification  of  the  contamination  source  where  the  particulate  contains 
fractured  carbon  fibers  and  the  source  could  be  traced  to  machining  debris.  Another  con¬ 
cern  in  examining  a  resin  system  with  particles  on  the  fracture  surface  is  that  the  resin 
may  have  intentional  particle  additions  (or  phases)  which  improve  properties  or  manufac¬ 
turing  characteristics.  If  there  is  a  suspicion  that  the  resin  system  may  have  been  modi¬ 
fied  in  this  way,  the  analyst  must  prepare  a  lab  fractured  specimen  for  SEM  examination 
as  a  reference  fracture  surface. 
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Figure  3-27.  SEM  Micrograph  of  a  Frekota  Release  Agent 
Contaminated  Tension  Specimen  (200X) 
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Figure  3-28.  SEM  Micrograph  of  a  Frakota  Ralaasa  Agent 
Contaminated  Tension  Specimen  (2000X) 
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Figure  3-30.  SEM  Micrographs  of  Foreign  Particle  Inclusions 
Illustrating  the  Characteristic  Fracture  Surface 
Asperity  and  Radiating  Fracture  Lines 
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The  flow  diagram  in  Figure  3-31  reviews  the  sequence  of  steps  taken  to  perform  initial 
inspections  and  to  classify  the  contamination  type.  The  next  sequence  of  steps  involve 
selection  of  the  appropriate  analytical  techniques  to  make  an  accurate  chemical  identifi¬ 
cation  of  the  contaminant.  Direct  chemical  analysis  probes  can  be  very  decisive  in  pro¬ 
viding  a  chemical  identification  in  a  cost  efficient  manner.  The  flow  diagram  in  Figure  3- 
32  for  analytical  work  reflects  this  emphasis.  A  number  of  analytical  techniques  are 
recommended  in  order  of  decreasing  information  per  unit  analysis  time  for  each  applica¬ 
tion.  There  are  specialists  for  each  analytical  technique  whose  expertise  in  instrumenta¬ 
tion  and  spectroscopy  will  be  required.  The  following  paragraphs  on  analytical  techniques 
are  designed  to  inform  the  investigator  of  the  special  terminology  used  for  these  tech¬ 
niques  and  highlight  special  concerns  which  arise  during  a  composite  failure  analysis.  Par¬ 
agraph  3.1  concludes  with  an  applied  example  of  contamination  analysis  during  a  failure 
analysis. 

3. 1.5.3  Scanning  Electron  Microscopy  (SEM)  and  Electron  Microprobe  Analysis  (EPMA) 

The  scanning  electron  microscope  (SEM)  and  the  electron  probe  microanalyzer  (EPMA), 
commonly  known  as  the  electron  microprobe,  are  powerful  tools  for  identification  of  con¬ 
taminant  particles  on  a  fracture  surface.  This  paragraph  covers  the  elemental  detection 
capabilities  of  the  SEM  and  EPMA  for  foreign  particle  detection.  The  microscopic  image 
formation  is  covered  in  paragraph  3.3.  These  instruments  are  used  when  a  quick  qualita¬ 
tive  identification  is  needed  and  provides  information  regarding  selection  of  more  detailed 
methods  to  be  performed  later. 

The  SEM  and  EPMA  instruments  are  equipped  with  X-ray  detectors  to  monitor  the  X-ray 
emission  spectrum  generated  when  a  finely  focused  electron  beam  impinges  on  a  micro¬ 
scopic  feature  of  interest.  Electron  beam  induced  X-ray  emission  produces  a  spectrum 
unique  to  each  element  present  allowing  direct  determination  of  particle  composition. 

The  analysis  volume  is  determined  by  the  electron  beam  energy  arid  the  density  of  the 
specimen  surface.  Typically  the  analysis  volume  is  0.5  to  2  micrometers  in  diameter.  If 
the  X-rays  are  measured  with  an  energy  detector  then  the  analysis  is  termed  Energy 
Dispersive  Spectroscopy  (EDS).  If  the  X-rays  are  measured  with  a  wavelength  detector 
then  the  process  is  termed  Wavelength  Dispersive  Spectroscopy  (WDS).  Each  method  has 
its  own  unique  advantages.  Conventional  EDS  can  acquire  a  spectrum  for  all  the  elements 
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Figure  3-31 .  Flow  Diagram  for  the  Initial  Inspection  and  Determination  of  a  Foreign 
Material  Contamination 
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Figure  3-32.  Logic  Network  for  Chemical  Analysis  of  Foreign  Material  Contamination 
of  a  Composite  Fracture  Surface 
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from  sodium  to  uranium  simultaneously  in  30  seconds  to  a  minute.  (Ultra  thin  window 
EDS  detectors  can  detect  elements  to  the  Boron  range.)  Because  of  the  limited  energy 
resolution  of  the  EDS  detector,  there  are  a  number  of  spectral  peak  overlaps.  For  exam¬ 
ple,  aluminum  and  bromine  peaks  occur  at  1.48  KEV.  WDS  has  extremely  high  signal  to 
noise  sensitivity  and  resolution.  WDS  can  also  detect  boron,  carbon,  oxygen  and  fluorine. 
The  disadvantages  are  that  only  a  single  wavelength  at  a  time  can  be  detected,  requiring 
many  minutes  to  scan  even  a  limited  range  of  elements.  Of  concern  to  composites  failure 
analysis  is  the  ability  to  use  WDS  for  light  element  detection.  A  partial  list  to  assist  the 
analyst  in  identifying  elements  by  EDS  and  WDS  is  given  in  Figure  3-33.  A  SEM  micro¬ 
graph  and  EDS  spectrum  talc  contamination  at  a  bondline  is  shown  in  Figure  3-34.  The 
SEM  reveals  the  sheet-like  crystalline  morphology  and  the  EDS  spectrum  exhibits  the 
primary  elements  typical  of  talc  powders,  magnesium  and  silicon,  along  with  other  partic¬ 
ulate  impurities. 

In  using  EDS  or  WDS  several  concerns  should  be  mentioned.  First,  the  composite 
specimen  is  introduced  into  an  instrument  vacuum  chamber  at  pressure  ranging  from 
1X10  torr  to  1X10-4  torr.  If  the  contaminant  under  investigation  is  volatile  in  the 
instruments  vacuum  chamber,  there  is  a  possibility  that  important  elemental  information 
will  be  lost  before  analysis.  Second,  these  techniques  were  originally  developed  as 
techniques  to  study  conducting  metal  specimens.  Polymers  which  are  nonconductive 
present  a  specimen  charge  build  up  problem  which  is  reduced  by  vapor  depositing  a 
conductive  coating  the  specimen.  Typically  a  very  thin  5  nanometer  film  of  gold  or  other 
noble  metal  alloys  are  used.  These  films  provide  interfering  peaks  in  the  X-ray  spectrum 
which  may  mask  elements  of  interest.  When  analyzing  composite  contamination,  it  is 
sometimes  useful  to  coat  these  surfaces  with  conductive  carbon  since  carbon  is  to  be 
expected  and  will  not  be  detected  in  the  EDS  spectrum.  There  is  a  significant  literature 
base  to  suggest  the  electron  beam  can  induce  degradation  and  thermal  effects  to 
polymers.  The  degradation  can  be  minimized  by  using  low  electron  beam  accelerating 
voltages  and  low  current  densities.  Since  WDS  usually  requires  very  high  beam  currents, 
this  detection  method  should  be  used  as  quickly  as  possible  to  reduce  the  detrimental 
beam  damage  effects. 
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X-ray  wavelengths  (Ka).  nm 

X-ray  energies.  keV 

6.76 

Na 

1  04 

1.07 

4.47 

Mg 

1 .25 

1.30 

3.16 

Al 

1  .49 

1 .56 

2.36 

SI 

1.74 

1 .84 

1.83 

P 

2.01 

2.13 

S 

2.31 

2.46 

Cl 

2  62 

2.81 

3.1. 5.4  X-Ray  Photoelectron  Spectroscopy 


X-ray  Photoelectron  Spectroscopy  (XPS)  is  based  on  electron  emission  when  a  sample  is 
irradiated  with  low  energy  X-rays.  The  process  called  photoelectron  emission  causes  each 
element  to  emit  photoelectrons  at  specific  energies.  All  elements  except  hydrogen  and 
helium  can  be  detected  by  this  method.  Typical  instruments  analyze  a  square  centimeter 
of  surface  area.  The  latest  generation  of  instruments  have  a  small  spot  XPS  capability  to 
analyze  areas  100  micrometers  in  diameter.  This  development  in  XPS  will  make  it 
increasingly  important  to  the  failure  analyst.  Several  unique  features  arise  from  the 
physics  of  this  process.  The  surface  sensitivity  of  XPS  arises  from  the  very  short  distance 
that  a  low  energy  electron  can  travel  in  a  solid  without  losing  its  initial  energy.  Since  the 
detected  electrons  must  travel  to  the  detector  without  losing  energy,  detected  electrons 
can  only  originate  within  this  short  characteristic  distance  (called  the  escape  depth)  from 
the  surface.  Typical  escape  depths  in  organic  solids  are  5  nanometers. 

The  XPS  spectrum  is  expressed  as  the  detected  electron  number  versus  electron  energy. 
The  measured  kinetic  energy  (KE)  relationship  to  binding  energy  (BE)  of  the  electron  from 
the  parent  atom  is  expressed  as: 

BE  =  hu  -  KE  -  t  -  V  charge  (eq.  1) 

where: 

hu  =  energy  of  X-ray  source 

fi  -  spectrometer  work  function 

V  charge  =  correction  due  to  specimen  charging. 

The  binding  energies  of  some  typically  encountered  elements  are  listed  in  Figure  3-35. 
Figure  3-36  is  a  typical  spectrum  of  an  epoxy  resin  where  the  elements  carbon,  nitrogen, 
oxygen  and  sulfur  are  shown,  if  one  is  examining  a  fracture  surface  for  a  chemical 
contaminant,  comparison  of  the  surface  relative  to  a  fresh  cohesive  resin  fracture  surface 
will  provide  a  very  sensitive  test  for  the  presence  of  foreign  elements  indicative  of 
contamination. 


Relative  Intensity 


Element 

Binding* 

energy 

Relative  emission 
probability  (cross 
section  for  aluminum 
X-rays)  (Ref.  4) 

Boron 

195 

0.49 

Caution 

285 

1.00 

Nitrogen 

399 

1.80 

Oxygen 

531 

2.93 

Fluorine 

689 

4.43 

Sodium 

1072 

8.52 

Silicon 

102 

0.82 

151 

0.96 

Phosphorus 

135 

1.19 

189 

1.18 

Sulfur 

165 

1.68 

229 

1.43 

Chlorine 

199 

2.29 

264 

1.69 

Bromine 

69 

2.34 

'  Laminating  energies  change  depending  on  how  the 
elements  are  chemically  bonded. 


Figure  3-35.  Approximate  XPS  Peak  Positions 
and  Emission  Probabilities  for 
Common  Elements 
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Figure  3-36.  A  Typical  XPS  Spectrum  of  an  Epoxy  Resin  With  Elements  Identified 
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The  details  of  XPS  quantitation  are  unique  to  each  instrument  depending  on  design  and 
detection  efficiency.  In  Figure  3-35,  the  relative  probabilities  for  photoelectron  emission 
called  cross-sections,  are  given.  These  factors  would  need  to  be  adjusted  for  detection 
efficiency  to  obtain  the  relative  sensitivity  factor.  Quantitation  is  accomplished  by 
normalizing  the  observed  intensities  for  each  element  and  is  expressed  as: 

Element  x  atom%  =  - Ix/SxX  100 - 

E  Ii/Si  (eq.  2) 

i 

where: 

S  =  relative  sensitivity  factor 

lx  =  observed  intensities 

x  =  each  element 

The  binding  energy  concept  is  important  because  XPS  peaks  exhibit  small  binding  energy 
shifts  due  to  the  chemical  bonding  environment  of  the  parent  atom.  Chemical  functional 
groups  on  the  surface  can  be  inferred  from  these  binding  energy  shifts.  Inspection  of  the 
equation  also  shows  that  the  binding  energy  is  dependent  on  the  work  function  constant 
which  is  a  spectrometer  calibration  constant  and  the  specimen  charge  correction  factor 
which  is  determined  for  each  non-conductive  specimen  (the  usual  case  for  composite 
specimens).  A  charge  correction  can  be  made  by  shifting  the  binding  energies  so  that  the 
carbon  Is  peak  due  to  the  hydrocarbon  like  chemical  bond  present  in  polymer  resins  occurs 
at  285.0  eV.  Some  investigators  use  alternate  charge  correction  methods  or  a  slightly 
different  carbon  Is  peak  correction  value  (284.6  eV).  So  when  making  comparisons  to 
published  literature  values,  the  author  has  to  be  careful.  Figure  3-37  gives  a  partial  list 
of  the  carbon  Is  peak  shifts  which  might  be  encountered  with  composite  materials. 

When  analyzing  a  composite  fracture  surface  for  foreign  material  contaminants,  low 
surface  energy  compounds  or  releasing  agents  are  high  on  the  list  of  po.ential 
contaminants.  These  compounds  are  typically  hydrocarbon  oils,  fluorocarbons,  or  organic 
silicone  oils.  Figure  3-38  summarizes  a  few  rules  of  thumb  in  interpreting  the  XPS  data 
for  these  compounds.  Figure  3-39  provides  a  partial  list  of  materials  which  could  be 
contamination  sources. 
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Functional  group 

Binding  energy,  eV 

Hydrocarbon 

285.0 

Ether  or  alcohol 

286.5 

Ketone 

288.0 

Ester 

288.8 

(Ref.  5) 

Figure  3-37.  Carbon  Peak  Shifts  in  XPS 
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•  Hydrocarbon 

•  Excessively  high  carbon  levels  on  the  surface  when  compared  with  a  cohesive  resin  fracture 

•  Confirm  by  FTIR  analysis  of  the  residue  from  a  solvent  rinse  of  the  fracture  surface 

•  Fluorocarbon 

•  Carbon-shifted  peak  In  the  range  288.0  to  292.0  eV;  fluorine  peak  at  689.0  eV 

•  Ascertain  whether  there  Is  a  fluorocarbon  additive  to  the  resin 

•  Compare  with  XPS  spectrum  of  known  fluorocarbon  release  agents  or  parting  films  used  in 
manufacturing  the  part 

•  Silicone 

•  Silicon  peak  at  102.0  eV;  silicon  Auger  parameter  in  the  range  1708.5  to  1709.5  eV 

•  Where  there  are  significant  silicon  levels,  the  carbon-to-oxygen  ratio  will  exceed  the  resin  value 

•  Because  some  inorganic  minerals  exhibit  the  same  XPS  shifts,  verify  that  there  are  no  inorganic 
mineral  particulates  on  the  fracture  surface  with  SEM/EDS 

•  Ascertain  whether  there  is  a  silicon  additive  to  the  resin 

•  Confirm  by  FTIR  analysis  of  the  residue  from  a  solvent  rinse  of  the  fracture  surface 

•  Compare  with  XPS  spectrum  of  known  silicon  release  agents  used  in  manufacturing  the 
component 

Figure  3-38.  Rules  of  Thumb  for  XPS  Identification  of  Typical  Release  Agents 
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•  Molding  tool  release  compounds  and  sprays 

•  Parting  films  and  breather  fabrics 

•  Prepreg  backing  papers  and  films 

•  Solvent  impurity  residues 

•  Vacuum  pump  oils 

•  Machining  debris 

•  Plastic  resin  sweeps 

•  Gloves 

•  Vacuum  bags 

•  Molding  compounds,  vacuum  bag  sealants 


Figure  3-39.  Partial  List  of  Possible 
Contamination  Sources 
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3.1.5.S  Infrared  Spectroscopy  (IR)  and  Fourier  Transform  Infrared  (FTIR) 

Infrared  Spectroscopy  (IR)  is  the  primary  technique  for  identifying  the  compound  or 
chemical  family  in  which  a  foreign  organic  contaminant  belongs.  Infrared  spectroscopy  is 
much  less  sensitive  than  XPS  or  EDS/WDS  but  provides  more  chemical  information. 

Special  techniques  have  been  developed  to  apply  IR  to  the  weak  boundary  layer  and  the 
particulate  contamination  problem.  These  methods  are  addressed  in  the  following 
discussion. 

Organic  polymer  molecules  absorb  infrared  radiation  at  frequencies  which  relate  to  the 
chemical  bonds  within  the  molecule.  The  physics  of  this  process  can  be  attributed  to  a 
mechanism  where  the  infrared  light  is  absorbed  at  discrete  frequencies  associated  with 
characteristic  molecular  vibrations  within  the  molecule.  This  principle  forms  the  basis  of 
Infrared  Spectroscopy  as  an  analytical  technique  to  characterize  polymer  resins.  Each 
polymer  molecule  absorbs  infrared  light  in  a  distinctive  pattern  which  can  be  used  to 
fingerprint  the  molecule.  Figure  3-40  illustrates  a  typical  IR  spectrum  of  an  epoxy 
spectrum.  In  a  contamination  analysis  where  one  is  investigating  an  unknown 
identification,  it  is  useful  to  compare  the  spectrum  of  the  unknown  with  infrared  spectra 
of  model  compounds  published  in  an  atlas  or  stored  in  a  data  base.  Infrared  spectra  are 
usually  plotted  as  intensity  versus  wavenumber  (CM-1),  wavelength  (micrometers  or 
microns),  or  frequency  (s-1). 

Intensity  can  be  expressed  as  percent  transmittance  or  absorbance  as  shown  in  the 
following  equations. 

Percent  Transmittance 

%T  =  j-  (eq.  3) 

o 

where: 

%T  =  percent  transmittance 
I  =  selected  radiation 
lo  =  incident  radiation 
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Figure  3-40.  Infrared  Spectrum  of  an  Epoxy  Resin 
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where: 


A  =  absorbance 
I  =  detected  radiation 
Io  =  incident  radiation 

Recently  several  developments  in  the  field  of  IR  analysis  have  allowed  the  technique  to 
become  more  practical  for  solid  materials  involved  with  composite  failure  analysis  and 
contamination  analysis.  The  first  development  is  the  use  of  Fourier  transform  infrared 
(FTIR)  instruments.  It  is  orders  of  magnitude  greater  in  sensitivity  than  conventional  IR 
instruments.  It  is  almost  a  necessity  to  select  the  FTIR  instrument  for  sensitive 
contamination  detection.  The  FTIR  sensitivity  can  be  used  to  complement  the  XPS  in 
weak  boundary  layer  identification.  The  analysis  can  be  approached  form  several 
directions.  First,  a  fracture  surface  can  be  rinsed  with  an  ultra-pure  solvent,  such  as 
methylene  chloride,  which  is  allowed  to  evaporate  on  a  salt  pellet  (the  standard  specimen 
holder).  The  residue  can  then  be  analyzed  as  in  conventional  FTIR  transmittance  analysis. 
Often  there  is  enough  material  on  a  contaminated  surface  to  be  detected  and  the 
increased  chemical  information  increases  the  reliability  of  the  contamination  source 
identification.  If  a  large  amount  of  particulate  contamination  can  be  isolated  then 
particles  can  be  dispersed  into  a  salt  and  then  consolidated  into  a  pellet.  Often  a 
reasonable  spectrum  can  be  obtained. 

Reflectance  methods  are  desirable  in  order  to  avoid  the  use  of  removal  methods  described 
above.  The  Attenuated  Total  Reflectance  (ATR)  method  is  implemented  on  an  FTIR 
instrument  which  uses  an  infrared  transparent  crystal  with  a  high  refractive  index.  The 
IR  radiation  is  then  caused  to  propagate  through  the  crystal  and  the  near  surface  region  of 
a  specimen.  The  depth  of  penetration  is  typically  0.5  to  2  micrometers.  The  method  has 
a  limited  application  to  fracture  surfaces  since  it  requires  a  fairly  smooth  and  flat  surf'ao- 
to  obtain  a  spectrum.  Diffuse  reflectance,  an  older  reflectance  me  thod,  is  com  ■  1  i  -« 

into  use  on  the  FTIR  instruments.  This  method  relies  on  the  detection  of  <-*.Ver<  r  s 
radiation  directly  from  a  solid  surface.  The  technique  has  seen  limited  n;v  •’ 
analysis  of  rough  surfaces  which  are  usually  encountered  in  composite  • 
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3. 1.5.6  X-ray  Diffraction  (XRD) 


X-ray  diffraction  (XRD)  techniques  are  used  for  a  wide  variety  of  crystal  structure 
determinations.  In  composite  failure  analysis,  XRD  is  primarily  used  for  crystalline 
foreign  material  particulates  which  can  be  isolated  from  a  fracture  surface.  The 
cylindrical  Debye-Schererr  or  Gandolfi  camera  is  commonly  employed  for  crystal  phases 
in  identification  of  particles.  The  basis  for  X-ray  diffraction  is  given  by  Braggs  law: 

X  =  2d  Sin  6  (eq.  5) 


where: 

X  =  wavelength  of  incident  X-ray  beam 
6  =  measured  angle  of  diffracted  beam 
d  =  crystal  lattice  spacing 

X-rays  diffracted  from  a  particle  strike  a  film  from  which  the  diffraction  angle  theta  is 
measured  and  consequently  the  crystal  lattice  spacing  is  determined.  A  tabulated  index 
of  lattice  planes  (ref.  5)  can  be  searched  for  compound  identification. 

3. 1.5.7  Secondary  Ion  Mass  Spectroscopy  (SIMS) 

Secondary  Ion  Mass  Spectroscopy  (SIMS)  can  be  used  to  obtain  several  information  levels 
about  the  surface  and  near  surface  region  of  a  solid  material.  SIMS  is  used  in  composite 
failure  analysis  of  weak  boundary  layers  when  XPS  cannot  provide  sufficient  sensitivity  or 
chemical  information.  SIMS  is  based  on  energetic  ion  beam  impact  (or  sputtering)  on  a 
surface  with  subsequent  ionization  and  removal  of  the  surface  atoms.  The  ejected  surface 
ions  are  then  detected  with  a  mass  spectrometer.  The  plotted  spectrum  of  intensity 
versus  atomic  mass  units  (amu)  can  be  interpreted  to  identify  the  elements  or  molecular 
fragments  of  the  parent  molecule.  A  number  of  SIMS  instruments  exist  to  perform 
specific  functions.  The  simplest  SIMS  instrument  (often  the  most  frequently  encountered) 
requires  very  high  sputter  removal  rates  to  provide  sufficient  secondary  ions  to  the 
detector.  These  instruments  operating  in  the  dynamic  SIMS  mode  can  be  used  for 
detecting  extremely  low  levels  of  elements  as  a  function  of  depth  into  the  surface.  Due 
to  the  very  high  current  densities  involved,  this  method  does  not  work  well  on  non¬ 
conducting  composite  surfaces  due  to  specimen  charging.  Static  SIMS  applications  use 
very  low  sputter  removal  rates  to  characterize  the  surface  molecular  layer.  Future 


improvements  in  this  method  to  allow  routine  polymer  characterization  may  find 
significant  uses  to  complement  XPS  analysis  of  composites.  The  SIMS  microprobe,  a 
variation  of  the  static  SIMS  instrument,  has  an  imaging  capability  which  can  be  used  to 
characterize  particulates  and  map  chemical  inhomogeneities  across  the  surface. 

3. 1.5.8  Auger  Electron  Spectroscopy  (AES) 

Auger  Electron  Spectroscopy  (AES)  is  a  surface  analysis  technique  based  on  electron  beam 
induced  Auger  electron  emission,  characteristic  energy  for  each  element,  and  escape  from 
the  surface  in  a  manner  analogous  to  XPS.  In  fact,  many  surface  analysis  instruments  are 
designed  to  perform  AES  and  XPS  with  the  same  spectrometer.  Since  AES  requires  a 
conducting  specimen  its  applications  are  limited  in  composite  analysis.  However  since  the 
carbon  fibers  are  conductive,  AES  can  be  useful  in  determining  whether  an  exposed  carbon 
fiber  failed  at  the  fiber  matrix  interface  or  in  the  resin.  The  analysis  is  based  on  the 
elemental  differences  between  the  fiber  and  the  surrounding  resin  (which  may  be  a  sizing 
resin  different  from  the  nominal  epoxy  resin  composition)  as  shown  in  Figure  3-41. 

Usually  preparation  methods  are  required  to  provide  a  conductive  path  from  the  fiber  to 
the  sample  holder. 

3.1.5.9  Contamination  Analysis  Example 

A  secondarily  bonded  composite  structure  was  returned  from  service  after  visual 
inspection  revealed  surface  cracks  on  the  outer  painted  skin  surface.  The  composite 
construction  had  a  laminated  skin  bonded  to  a  honeycomb  core.  The  bonding  adhesive  was 
a  FM-300  adhesive.  When  the  composite  part  was  sectioned,  it  was  noted  that  the  paint 
cracking  resulted  from  the  skin  buckling  away  from  the  honeycomb.  An  optical  cross 
section  is  shown  in  Figure  3-42.  Optical  microscopic  examination  revealed  the  FM-300 
adhesive  separated  along  the  centerline  of  the  adhesive  layer.  SEM  micrographs  of 
mating  separation  surfaces  are  shown  in  Figure  3-43.  The  smooth  surfaces  lack  any 
significant  evidence  of  fracture  features  or  resin  deformation,  indicating  that  a  low 
energy  adhesive  failure  had  occurred.  The  adhesively  separated  surface  followed  the 
contoured  boundary  between  two  plies  of  adhesive.  The  mating  surfaces  are  perfect 
replicas  of  each  other.  Even  the  protruding  scrim  fibers  of  one  ply  made  an  impression  on 
the  other  ply  without  showing  any  evidence  of  bonding. 


Figure  3-42.  Optical  Micrograph  in  Cross  Section  of  a  Laminate  Skin  to  Core  Buckling 
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Figure  3-43.  SEM  Micrographs  Showing  a  Replicated  Surface  Morphology 


The  XPS  spectra  of  the  debonded  surfaces  shown  in  Figure  3-44  revealed  a  significant 
amount  of  silicon,  fluorine  and  carbon  in  addition  to  the  expected  composition  of  the 
adhesive.  XPS  peak  shifts  indicate  the  presence  of  silicone,  fluorocarbon,  and 
hydrocarbon  chemical  functional  groups.  The  next  step  was  to  rinse  the  fracture  surfaces 
with  methylene  chloride  solvent  and  allow  the  soluble  residues  from  the  surfaces  to 
precipitate  on  a  salt  pellet.  The  residue  was  then  analyzed  with  the  FTIR  where 
hydrocarbon  oils  were  identified  in  the  spectrum.  It  was  important  to  remember  that 
these  surfaces  may  have  experienced  a  significant  exposure  to  contaminants  from  the 
service  environment.  Because  the  SEM  micrographs  implied  the  weak  boundary  layer  was 
present  during  the  curing  of  the  adhesive  by  the  presence  of  scrim  fiber  impressions  on 
the  mating  adhesive  plies,  the  contaminant  must  have  been  present  during  manufacturing 
and  curing  of  the  bondline. 

Using  this  assumption,  areas  of  the  composite  part  with  similarities  of  location  and 
construction  (the  disbond  occurred  adjacent  to  a  core  dropoff)  were  examined  for  bondline 
integrity.  To  ensure  that  no  secondary  contamination  would  occur,  the  part  was  cut  with 
hand  shears  (cleaned  in  a  solvent)  which  produces  very  little  particulate  damage.  The  part 
was  also  cut  in  the  analytical  lab  well  away  from  fabrication  and  machining  areas  where 
contaminants  can  be  easily  introduced.  The  result  was  that  the  adhesive  bondline  was 
easily  separated  by  hand  after  being  cut  out  with  the  shears.  Separation  occurred  in  a 
similar  manner  at  the  interface  between  the  two  adhesive  plies  and  the  mating  surfaces 
were  smooth  and  featureless.  The  advantage  of  finding  these  weak  boundaries  is  that  the 
specimen  can  be  separated  and  introduced  into  the  XPS  spectrometer  within  minutes 
thereby  ensuring  that  any  contaminant  found  is  directly  related  to  the  original  debonding. 
Figure  3-45  shows  the  XPS  spectra  in  which  the  primary  contaminant  is  silicon  with  the 
appropriate  shift  expected  for  a  silicone  release  agent.  Subsequent  FTIR  analysis  of  the 
soluble  residues  rinsed  from  the  surface  did  not  detect  any  anomalous  functional  groups, 
which  implies  the  contamination  is  very  minute. 

3.2  NONDESTRUCTIVE  EVALUATION  (NDE)  TECHNIQUES 

In  the  broadest  sense,  nondestructive  evaluation  (NDE)  includes  any  examination  that 
assesses  material  integrity  without  damaging  or  destroying  a  component,  and  it  is  used  for 
a  variety  of  tasks  such  as  in-process  quality  control,  in-situ  test  monitoring,  and  fleet 


service  inspection.  For  failure  analysis,  nondestructive  evaluations  are  useful  for  identi¬ 
fying  the  conditions  of  invisible  fracture  for  documentation,  and  for  planning  subsequent 
destructive  evaluations. 

Following  preliminary  visual  and  macroscopic  analysis  of  the  failed  component,  invisible 
damage  can  be  identified  and  evaluated  by  various  techniques  outlined  below.  Figures 
3~46  and  3-47  (a  and  b)  present  a  summary  of  the  various  methods  commonly  used  for 
failure  analyses,  as  related  to  typical  defect  or  damage  conditions.  Note  that  the 
methods  are  listed  in  the  order  of  preference  for  evaluating  and  defining  each  defect 
condition.  The  NDE  FALN  is  structured  such  that  inspections  involve  progressively  more 
detail  of  the  damage  condition,  including: 

•  Initial  plan  view  inspections. 

•  Detailed  plan  view  inspections. 

•  Through-thickness  inspections. 

It  should  be  noted  that  a  majority  of  the  failure  analyses  investigations  do  not  require 
detail  beyond  the  initial  plan  view  inspections.  Usually  failure  of  the  part  denotes  that 
some  fairly  extensive  fracture,  often  visible,  has  occurred.  The  main  responsibility  of 
NDE  inspection  is  to  define  the  damage  region  around  the  primary  fracture.  More 
detailed  analyses,  if  performed,  are  usually  confined  to  other  regions  on  the  component, 
away  from  the  principle  fracture  region,  so  as  to  identify  other  sites  of  damage  or  con¬ 
tributory  defects. 

A.  Initial  Plan  View  Inspections-For  preliminary  inspections,  the  major  emphasis  is  to 
determine  the  basic  outline  of  the  damage  regions  such  that  part  breakdown  and  section¬ 
ing  can  be  performed  without  destruction  of  evidence  or  to  minimize  the  sectioning  dam¬ 
age  if  a  repair  scheme  is  considered.  Plan  view  analyses  such  as  ultrasonics  (TTU  or  pulse 
echo)  and  radiography  are  by  far  the  most  versatile  and  encompassing  techniques  for  over¬ 
all  determination  of  the  basic  outline  of  the  damage  region.  Commonly,  this  coarse  dam¬ 
age  assessment  is  necessary  for  field  inspection  prior  to  part  breakdown,  sectioning  and 
subsequent  detailed  NDE  techniques  performed  in  the  laboratory.  In  the  field,  pulse  echo 
is  the  preferred  method,  particularly  desirable  in  conditions  where  only  one  side  of  the 
structure  is  accessible.  When  this  initial  inspection  can  be  performed  in  the  laboratory, 
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•  Tomography 


Figure  3-46.  Nondestructive  Evaluation  Sub-FALN 
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TECHNIQUE* 

DESCRIPTION 

USE 

VALUE 

Thru- 

transmission 
ultrasonic  (TTU) 

•  C-Scan 

Measures  ultrasonic  sound 
attenuation 
•  C-Scan  -  plan  view 
presentation 

Determines  size  and 
location  of  nonvisible 
damage,  defects, 
fracture  in  plan  view 

•  Plan  view  documentation  of  failure 

•  Plan  view  assessment  of  part  quality 

•  Planning  analyses 

Pulse  ultrasonic 

•  B-Scan 

•  C-Scan 

Measures  ultrasonic  sound 
reflection 

•  8-Scan -thru- 
transmission  view 
presentation 

•  C-Scan -plan  view 
presentation 

Determines  size  and 
location  of  damage, 
defects,  fracture  in 
both  a  plan  and  thru¬ 
thickness  view 

•  Plan  view  documentation  of  failure 

•  Thru-thickness  view  documentation  of 
failure 

•  Plan  view  assessment  of  part  quality 

•  Thru-thickness  assessment  of  part  quality 

•  Planning  analyses 

Reasonance  bond 
testers 

•  Bondascope 
2100 

•  Sondicator 

•  Acoustic  flaw 
detector 

•  MIA  3000 

Measures  mechanical 
resonance  changes  caused 
by  defects,  meter  or  CRT 
display 

Determines  size  and 
location  of  nonvisible 
damage 

•  Determining  of  size  and  location  of  part 
damage 

•  Method  can  be  used  when  only  one  side  is 
accessible 

X-ray 

radiography 

(tomography) 

Measures  X-ray 
attenuation  plan  view 
presentation 

•  Determines  size  and 
location  of 
translammar 
fractures  and  radio¬ 
opaque  defects  - 
plan  view 
presentation 

•  Delamination  size 
and  location 
determined  with 
radio-opaque 
penetrant 

•  Thru-thickness 
position  determined 
by  stereo¬ 
radiography  or 

X-ray  tomography 

•  Plan  view  documentation  of  failure 

•  Plan  view  assessment  of  part  quality  and 
defects 

•  Planning  analyses 

Neutron 

radiography 

Measures  neutron 
attenuation  plan  view 
presentation 

•  Determines  size  and 
location  of 
translammar 
fractures  and 
neutron  opaque 
defects  -  plan  view 
presentation 

•  Delamination  size 
and  locations 
determined  with 
neutron-opaque 
penetrant 

•  Used  often  where 
metal  structure 
overlays  composite 
material  -  neutrons 
are  not  as 

attenuated  by  metal 
as  X  ray,  and  are 
relatively  sensitive 
for  polymers  with 
hydrogen 

•  Plan-view  documentation  of  failure 

•  Plan  view  assessment  of  part  quality  and 
defects 

•  Planning  analyses 

Eddy  current 

_ 

Measure  conditions  which 
interrupt  the  flow  of  eddy 
current  induced  in  the  part 

Determines  differences 
between  paint 
scratches  and  surface 
cracks  in  C, r/E  fabric 
structures 

•  Plan  view  documentation  of  fracture  with 
single  side  access 

•  Planning  analyses 

*  Techniques  are  listed  in  order  of  preference,  based  on  applicability,  reliability,  cost  and  sample  requirements 


Figure  3-47 a.  Failure  Analysis  Techniques— Nondestructive  Evaluation 
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on  a  fairly  flat  panel,  the  TTU  C-scan  method  is  by  far  the  most  preferable  method  due  to 
its  ability  to  provide  a  full  scale,  plan  view,  hard  copy  record  of  the  defect  conditions  that 
are  aligned  normal  to  the  interrogating  beam  (delaminations).  Defects  aligned  parallel  to 
the  beam  direction  (translaminar  cracking)  do  not  often  create  appreciable  or  detectable 
attenuation,  and  thus  should  be  examined  by  X-ray  methods. 

B.  Detailed  Plan  View  Identification-When  more  plan  view  details  are  required,  enhanced 
X-ray  and  neutron  radiography  should  be  used.  Each  technique  can  identify  both  trans¬ 
laminar  and  delamination  damage,  although  the  X-ray  technique  requires  a  free  edge  or 
surface-intersecting  damage  so  that  the  penetrant  can  be  introduced.  However,  when 
such  a  surface  defect  is  present,  enhanced  radiography  is  probably  the  single  most  sensi¬ 
tive  and  accurate  inspection  technique  for  composite  structures.  Neutron  radiography,  on 
the  other  hand,  can  be  used  where  metal  structure  overlays  composite  material  since 
neutrons  are  not  as  attenuated  by  metal  as  X-rays,  and  are  relatively  sensitive  to  poly¬ 
meric  materials  containing  hydrogen.  This  method,  however  has  not  been  proven  to  gen¬ 
erate  radiographs  that  exhibit  much  contrast  or  resolution.  Another  available  technique  is 
eddy  current,  in  which  small  translaminar  cracks  can  be  identified  without  the  require¬ 
ment  of  a  free  edge. 

C.  Through-Thickness  Identification— Where  through-thickness  determination  of  the  loca¬ 
tion  of  planar  defects  such  as  delaminations  are  required,  either  ultrasonics  (A-scan, 
B-scan  or  time-domain  gated  C-scan)  or  X-ray  (stereo  radiography)  can  be  used.  This  pro¬ 
vides  the  investigator  with  information  similar  to  cross-sectional  viewing  of  the  planar 
defect  locations. 

Several  techniques  such  as  X-ray  tomography,  neutron  radiography,  and  resonance/ 
impedance  bond  testing  are  available,  although  their  application  to  failure  analyses  is 
extremely  limited  due  either  to  immaturity,  expense,  or  limitation  of  field  investigation. 
Holography,  acoustic  emission,  thermography,  and  speckle  photography  are  not  used  for 
post-failure  analyses  investigations  since  they  require  some  sort  of  mechanical  loading  of 
the  part  to  define  damage  states.  For  these  reasons,  these  paragraphs  describe  in  detail 
the  proven  and  directly  applicable  NDE  techniques  such  as  ultrasonics,  X-ray,  eddy 
current,  and  edge  replication.  The  basic  operational  modes  and  uses  are  presented,  along 
with  some  fundamental  theory  with  regard  to  evaluating  fractured  composite  structures. 


D.  Evaluation  Plan— Nondestructive  evaluations  can  be  extremely  useful  to  the  failure 
investigator  by  revealing  visible  damage  as  well  as  areas  of  fracture  not  readily  discem- 
able  through  the  most  intensive  visual  examination.  Nondestructive  evaluation  is  of  par¬ 
ticular  importance  with  composite  materials  primarily  because  of  their  susceptibility  to 
invisible  internal  delaminations  within  or  between  the  laminate  plies.  Other  identifiable 
defect  or  damage  conditions  include  found  by  NDE  include: 

•  Translaminar  surface  and  subsurface  fractures. 

•  Core  cell  damage  and  fluid  ingestion. 

•  Porosity. 

•  Disbonds. 

•  Impact  damage. 

•  Fastener  hole  drilling  damage. 

•  Lightning  damage. 

•  Heat  or  fire  damage. 

In  addition  to  its  primary  benefits,  NDE  has  several  other  notable  advantages.  Providing 
adequate  documentation  prior  to  destructive  sectioning  is  of  particular  importance  in 
failure  analysis.  With  many  modern  and  well  developed  nondestructive  analysis  techniques 
available  for  composites  (ultrasonics  and  X-ray  being  the  most  common)  a  permanent 
record  is  made  of  both  visible  and  invisible  areas  of  fracture.  This  record,  somewhat  like 
optical  photography,  provides  invaluable  documentation  for  later  perusal.  In  addition  to 
documentation  of  the  extent  of  invisible  damage,  the  investigator  often  gets  an  added 
benefit  of  identifying  the  type  of  construction  such  as  locations  of  core  splicing,  potting 
regions,  and  ply  dropoffs  or  pickups.  Finally,  since  NDE  is  usually  performed  by  a  support 
specialist,  the  failure  analyst  is  freed  to  establish  a  coherent  plan  for  more  detailed  eval¬ 
uation  prior  to  destructive  operations  (such  as  specimen  removal  by  sectioning). 

To  provide  the  investigator  with  a  better  definition  for  the  sequence  of  steps  involved  in 
the  nondestructive  evaluation  of  a  part,  the  FALN  presented  in  Figure  3-46  was 
developed.  Several  goals  were  considered  in  creating  this  FALN;  first,  the  chart  should 
provide  the  most  basic  information  first,  and  second  the  techniques  should  progress  from 
the  most  easily  interpreted  to  the  more  complex.  The  chart  begins  by  documenting  the 
fracture  in  general  terms  using  relatively  simple  techniques.  Next,  two  operations 


provide  additional  plan-view  and  through-the-thickness  information  using  more  complex 
techniques. 

3.2.1  Ultrasonic  Methods 

Ultrasonic  inspection  techniques  are  useful  in  characterizing  material  flaws  such  as 
delaminations,  cracks,  voids,  matrix  rich  pockets,  and  changes  in  thickness.  For  homoge¬ 
neous  materials  such  as  metals,  the  techniques  and  the  interpretation  of  the  data  is  well 
developed  and  relatively  simple.  The  anisotropic  nature  of  composites  presents  an  added 
dimension  of  complexity  to  ultrasonic  inspection. 

The  variables  affecting  an  ultrasonic  high  frequency  sound  source  that  is  directionally 
focused  on  the  material  to  be  inspected,  include  the  acoustic  properties  of  the  material 
and  the  transporting  medium  that  the  beam  passes  through.  Any  variation  of  the  acoustic 
properties  of  these  materials  can  produce  changes  in  the  attenuation  (transmission  loss), 
velocity,  reflection  amplitude,  refraction  angle  phase  and  diffraction  of  the  beam.  These 
changes  form  the  basis  of  various  ultrasonic  techniques. 

The  four  primary  factors  that  effect  the  ultrasound  transmission  in  composite  structures 
include:  (1)  the  inherent  physical  properties  of  the  material,  (2)  the  microstructural 
features,  (3)  the  condition  of  the  surface,  and  (4)  the  thickness  of  the  material.  The  first 
and  foremost  parameters  that  effect  transmission  are  the  physical  properties  of  the  mate¬ 
rial  such  as  stiffness  and  density,  which  determines  the  directions  and  energy  breakdown 
of  the  ultrasonic  beam  within  the  material.  Second,  the  microstructural  features  such  as 
resin  content,  porosity,  matrix  cracking,  delaminations,  and  ply  orientation  all  affect  the 
ultrasonic  sound  propagation  characteristics.  It  is  the  measurement  and  interpretation  of 
the  ultrasonic  information  that  constitutes  the  major  task  involved. 

Typical  ultrasonic  inspection  of  homogeneous  isotropic  materials  is  a  process  that  requires 
a  trained  operator  using  precision  and  care  to  avoid  errors  in  the  assessment  of  the  dam¬ 
age  conditions.  The  complexities  that  arise  from  analyses  of  extremely  anisotropic  mate¬ 
rials  such  as  composites  requires  knowledge  of  the  above  mentioned  factors  that  can  have 
pronounced  effects  on  the  information  obtained.  Although  these  factors  tend  to  compli¬ 
cate  the  analyses,  they  can  also  contribute  in  a  constructive  manner  to  provide  valuable 
information  regarding  the  microstructure  and  basic  construction  of  the  component. 
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There  are  two  primary  methods  which  are  recognized  as  the  most  flexible  and  efficient 
methods  for  obtaining  ultrasonic  sound  propagation  data  from  composite  structures, 
through-transmission  ultrasonic  (TTU)  and  pulse-echo. 

3.2. 1.1  Through-Transmission  Ultrasonic  (TTU) 

In  the  TTU  method,  an  ultrasonic  transducer  is  placed  on  one  side  of  the  material  and 
emits  an  acoustic  pulse.  The  pulse  travels  through  the  material  and  is  received  by  a  sec¬ 
ond  transducer  located  on  the  other  side  of  the  material.  These  transducers  are  placed  in 
axial  alignment  so  that  their  common  axis  is  perpendicular  to  the  surface  of  the  specimen. 
With  this  placement,  the  amount  of  energy  transmitted  through  the  material  is  maximized 
and  can  be  easily  monitored  as  a  function  of  position  when  the  material  is  scanned  by  the 
transducers.  For  a  C-scan,  the  entire  surface  is  inspected  by  moving  the  transducer  in  a 
series  of  closely  spaced  traverses  with  a  mechanical  system.  Most  mechanical  systems 
only  allow  planar  scanning  motions  of  flat  or  circular  symmetric  shapes.  Water  jet  tech¬ 
niques  have  been  developed  which  allow  inspection  of  parts  too  large  to  be  immersed  in  a 
tank.  Current  technology  exists  for  robot  controlled  manipulators  which  track  complex 
surface  geometries,  but  such  systems  are  not  yet  commonplace.  Since  the  speed  of  the 
test  is  limited  primarily  by  the  speed  of  the  scanning,  several  arrayed  transducers  are 
often  used  for  large  scale  inspection  tasks  to  reduce  scan  times,  however  for  most  failure 
analyses  a  single  transducer  can  inspect  a  large  part  in  a  few  hours. 

The  transmitted  sound  can  then  be  evaluated  and  broken  down  into  several  sublevels,  or 
grey  scales,  with  each  level  equivalent  to  a  certain  amount  of  attenuation.  This  energy 
loss  can  be  related  to  either  voltage  or  decibels  (dB).  Each  of  these  sublevels  can  then  be 
assigned  numbers  or  colors  and  graphically  presented  as  a  plan  view  of  the  part.  Regions 
of  attenuation  greater  than  a  standard,  say  in  the  6  to  18  dB  range,  indicate  the  presence 
of  significant  damage  conditions  that  reflect  the  energy  of  the  sound  beam.  Through  the 
use  of  real-time  computer  monitoring  of  the  attenuation,  a  map  of  the  sound  transmission 
relative  to  the  part  geometry  can  be  produced  by  a  plotter  in  which  an  image  is  formed  by 
burning  the  surface  layers  of  an  ink-impregnated  conductive  paper.  Figure  3-48  presents 
such  a  map,  with  a  delamination  identified  in  the  areas  of  high  attenuation.  The  numbers 
denote  a  range  of  dB  sound  loss,  with  the  larger  and  darker  numbers  indicating  more 
attenuation. 
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Larger  numbers  denote  higher  levels  of  sound  attenuation. 

Figure  3-48.  Example  of  an  Ultrasonic  Through-Transmission  C-Scan  5-70227-144 
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In  TTU,  the  sound  attenuation  results  from  three  sources:  viscoelastic  effects,  geometric 
dispersion  due  to  material  anisotropy,  and  dispersion  due  to  geometric  internal  damage. 

By  proper  selection  of  the  sound  frequency,  the  attenuation  due  to  delamination  and 
cracks  can  be  maximized  and  the  attenuation  due  to  material  viscoelasticity  and  hetero¬ 
geneity  can  be  minimized.  The  use  of  1  MHz  has  been  recognized  to  provide  the  best 
transmittance  since  it  has  a  fairly  long  wavelength  and  thus  is  less  susceptible  to  scatter¬ 
ing  from  smaller  structural  details,  particularly  for  parts  with  honeycomb  core.  When 
increased  sensitivity  for  smaller  details  is  desired,  the  use  of  smaller  wavelengths  should 
be  used,  however  frequencies  in  this  range  (5  to  15  MHz)  do  not  transmit  through  honey¬ 
comb  structure  and  requires  a  more  critical  alignment  of  the  two  transducers. 

The  transporting  medium  is  usually  water,  which  provides  a  uniform  coupler  to  transmit 
the  sound  waves  between  the  transducers  and  the  specimen.  This  requirement  for  a  water 
coupler  basically  limits  the  TTU  inspections  to  the  laboratory,  however  a  few  portable 
units  are  available.  The  specimen  is  either  immersed  or  water  jets  at  the  transducers 
supply  a  stream  of  the  coupler.  With  composite  failures,  surface  damage  in  the  form  of 
edge  delaminations  or  translaminar  cracking  is  often  present.  This  surface  damage,  if 
extensive,  can  allow  water  to  penetrate  into  the  cracks.  Since  the  attenuation  is 
commonly  due  to  air  at  the  crack  impeding  the  transmittance  of  sound,  the  water  pene¬ 
tration  can  displace  the  air  and  eliminate,  or  significantly  reduce,  the  attenuation  at 
these  defects.  Hence,  special  precautions  are  required  to  prevent  the  intrusion  of  water 
into  these  areas,  particularly  for  those  specimens  where  a  contar,. inant  is  suspected  and 
water  would  be  very  undesirable.  Normally,  the  open  surface  cracks  are  edge  sealed  with 
adhesive  tape  to  inhibit  entry  of  water. 

Inspection  of  the  TTU  C-scan  plan  view  records  can  provide  a  full  scale  assessment  of  the 
major  defect  conditions.  Usually  this  inspection  method  is  adequate  to  define  the  general 
outline  of  the  delamination,  particularly  surrounding  the  major  damage  region  that  is 
visible.  Although  the  C  scan  method  is  best  used  to  define  delaminations,  much  smaller 
defects  such  as  porosity  can  also  be  identified  in  extreme  cases.  This  technique  is  limited 
by  the  fact  that  both  sides  of  the  material  must  be  accessible,  the  depth  of  defects  within 
the  laminate  cannot  be  determined,  extreme  variations  in  thickness  cannot  be  evaluated 
at  the  same  time,  and  defects  aligned  parallel  to  the  incident  beam  are  not  easily  identifi¬ 
able  (such  as  translaminar  cracking).  Where  situations  exist  that  require  a  more  detailed 


inspection  of  the  damage  such  as  the  determination  of  defect  depth,  access  to  only  one 
side  of  the  part,  or  when  laboratory  analysis  is  not  possible,  the  pulse-echo  method  should 
be  employed. 

3.2. 1.2  Pulse- Echo  Ultrasonics 

In  the  pulse-echo  method,  a  single  transducer  transmits  and  receives  the  acoustic  pulse. 
The  transducer  emits  a  gated  pulse  through  the  material,  which  is  reflected  by  the  far 
side  of  the  part  and  then  detected  by  the  transducer  again.  Since  the  full  dynamic  range 
of  the  receiver  is  available  to  amplify  any  backscattered  acoustic  energy,  this  technique 
can  be  made  quite  sensitive  to  subtle  defect  conditions.  The  reflections  from  the  front 
and  back  surface  provide  known  time-related  endpoints  so  that  the  depth  of  the  defect 
can  be  determined  by  its  time  function.  A  potential  disadvantage  of  this  method  is  that 
flaws  one  ply  away  from  the  front  or  back  surface  can  be  hidden  by  the  reflections  from 
the  surfaces.  This  problem  can  be  alleviated  by  properly  adjusting  the  instrument  to  dis¬ 
tinguish  between  these  reflections,  in  combination  with  using  a  delay  line  transducer. 
Additionally,  it  is  necessary  to  record  the  returned  echo  trace  and  section  it  at  various 
periods  of  time  in  order  to  have  an  accurate  representation  of  the  location  of  the  flaws. 
Breaking  down  the  echo  trace  allows  the  differentiation  and  separation  between  closely 
arranged  flaws  and  prevents  the  investigator  from  mistaking  several  small  flaws  as  a 
single  large  one. 

For  use  in  the  C-scan  format,  the  inspection  is  usually  performed  in  either  a  water  bath  or 
by  using  columns  of  water  sprayed  upon  the  surface  of  the  specimen.  The  water  serves  as 
the  coupler  and  delay  line  for  the  ultrasonic  signals.  Information  is  generally  recorded  in 
which  the  signal  levels  at  each  (and  time  or  depth)  is  printed  or  displayed  as  the  trans¬ 
ducer  is  moved  over  the  specimen.  The  C-scan  pulse  echo  is  a  plan  view,  two  dimensional 
image  of  the  internal  structure  of  a  material.  With  gating  of  the  amplitude  based  digital 
signal,  imaging  of  defects  can  be  identified  related  to  the  position  within  the  thickness  of 
the  material,  as  shown  in  Figure  3-49.  The  use  of  a  combination  of  two  gating  zones  can 
allow  the  differentiation  of  delaminations  near  the  front  surface  (light)  and  the  back  sur¬ 
face  (dark). 


echo 


Plan  view 
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Figure  3-49.  Pulse-Echo  Ultrasonic  C-Scan  Using  Time  Domain  Gating  Zones  To  Identity 
Damage  States  of  Impact 
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Short  pulse  (shock  wave)  methods  can  also  produce  a  considerable  amount  of  information, 
although  it  is  limited  to  linear  plotting  of  the  data  instead  of  the  two  dimensional  C-scan. 
In  A-scan,  the  reflected  pulses  can  be  real-time  displayed  on  a  cathode  ray  tube  or  per¬ 
manently  recorded.  By  comparing  the  reflected  pulse  information  from  a  region  of  dam¬ 
age  with  an  area  containing  no  damage  (often  a  calibration  sample),  the  depth  of  the 
defect  condition  can  be  fairly  accurately  determined.  Similar  to  C-scan,  this  method 
produces  an  image  delineating  the  reflections  between  the  front  and  back  surfaces.  By 
taking  several  parallel  passes  of  the  transducer  over  the  part,  a  better  feeling  of  the 
three-dimensional  geometry  of  the  defect  can  be  obtained,  as  shown  in  Figure  3-50. 


While  the  A-scan  provides  data  regarding  all  reflections  through  the  thickness,  the  B-scan 
indicates  only  the  first  echo  after  entering  the  surface.  It  is  therefore  incapable  of  dis¬ 
playing  second  and  higher  multiple  reflections,  as  the  other  two  methods  can.  The  B-scan 
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Figure  3-50 


Oelamination  Identified  by  a  Family 
of  Pulse-Echo  Ultrasonic  A-Scans 
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is  somewhat  similar  to  a  transverse  cross-section,  in  that  it  provides  a  record  of  the  depth 
location  on  a  line  across  the  specimen  surface.  By  taking  several  of  these  scans,  they  also 
can  be  combined  to  provide  a  more  complete  view  of  the  through-thickness  damage  in  the 
material.  An  example  of  a  B-scan  is  presented  in  Figure  3-51,  illustrating  the  extent  of 
damage  in  a  laminate  at  several  locations  along  the  surface  of  the  part.  For  field  or 
initial  inspections,  the  A-scan  method  using  a  cathode  ray  tube  for  imaging  can  be  per¬ 
formed  without  a  permanent  record  of  the  damage.  For  instance,  early  NDE  investiga¬ 
tions  in  large  failed  structures  with  visible  damage  and  delamination,  hand-held  pulse- 
echo  can  be  used  to  quickly  define  the  perimeter  of  the  delamination  damage.  In  this  case 
the  couplant  is  usually  a  light  grease,  oil,  or  commercially  available  gel. 

3.2. 1.3  Single-Sided  Ultrasonic  (Backscatter) 

Recent  developments  have  provided  a  method  of  identifying  transverse  cracking,  with 
resolution  capable  to  identify  cracking  within  a  single  ply.  This  technique  is  usually  called 
single-sided  ultrasonic  angle  beams  (backscatter)  and  involves  using  an  off-axis  transducer 
that  imparts  the  sound  at  an  angle  to  the  surface,  as  shown  in  Figure  3-52.  This  technique 
employs  separate  transmitting  and  receiving  transducers  housed  in  a  single  surface  probe. 
A  complex  wavefront  is  created  in  the  structure  by  the  transmitter,  and  is  continuously 
monitored  by  the  receiving  transducer.  With  this  system,  delaminations  create  both  a 
phase  and  amplitude  change,  allowing  their  detection.  Because  the  ultrasonic  signal  is 
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angled  with  respect  to  the  surface,  this  technique  has  enhanced  sensitivity  to  cracks 
oriented  in  the  through-the-thickness  direction.  A  drawback  is  that  each  ply  must  be 
scanned  at  a  specific  angle  of  incidence  to  maximize  the  signal  amplitude  and  properly 
determine  the  location  of  the  microcracks.  A  reference  standard  is  also  required  that 
duplicates  the  materials  and  layup  of  the  laminate  being  inspected. 

3.2.2  X-ray  Radiography 

X-ray  techniques  can  be  used  to  detect  broken  structure  and  large  subsurface  fractures 
when  there  is  a  displacement  of  members.  Extensive  cracks  in  which  surface 
displacement  has  not  occurred  may  not  be  detectable.  Defects  such  as  crushed  core  and 
fractures  associated  with  impact  damage  lend  themselves  to  radiographic  evaluation.  In 
addition  to  detecting  cracks,  the  investigator  can  learn  valuable  information  regarding  the 
internal  structure  of  the  component,  particularly  if  there  are  major  differences  in 
construction  such  as  stiffeners  and  honeycomb  core.  Water  in  the  core,  if  extensive,  can 
also  be  detected.  For  failure  analysis,  the  use  of  X-ray  is  most  often  considered  as  a 
secondary  method  to  ultrasonics,  although  it  possesses  many  advantages  when  faced  with 
damage  located  parallel  to  the  incident  interrogating  beam  such  as  translaminar  cracking. 

3.2.2. 1  Classical  Radiography 

An  X-ray  (radiographic)  inspection  is  performed  by  transmitting  a  beam  of  penetrating 
radiation  through  an  object  onto  a  photosensitive  film.  This  beam  is  partially  absorbed  by 
the  composite  as  it  passes  through.  Discontinuities  such  as  translaminar  cracks  cause  a 
reduction  in  thickness  parallel  to  the  incident  beam  path,  and  consequently  results  in  less 
absorption  and  less  reduction  in  the  intensity  of  the  X-ray  beam.  These  varying  beam 
intensities  which  strike  the  film  plane  form  a  latent  image.  The  film  is  processed  to  form 
a  visible  image  called  a  radiograph.  The  radiograph  is  then  evaluated  for  information 
regarding  the  extent  and  nature  of  the  defect  conditions,  if  they  exist. 

Although  conventional  radiography  readily  detects  through  thickness  fractures,  it  does  not 
always  present  conclusive  results.  The  information  obtained  from  radiographic  inspec¬ 
tions  are  affected  by  the  size  and  orientation  of  the  defect  relative  to  the  incident  beam. 
Defects  presented  normal  to  the  beam  result  in  insufficient  changes  in  density  so  that 


interlaminar  defects  such  as  delaminations  and  porosity  are  not  detected  by  conventional 
radiography.  Due  to  these  limitations,  the  technique  has  been  significantly  improved  by 
the  use  of  some  form  of  radio-opaque  penetrant,  which  produces  probably  the  single  most 
sensitive  inspection  technique  for  detecting  cracks  in  composites  that  are  surface  related. 
The  following  paragraphs  focus  on  this  valuable  technique. 

3.2.2.2  Penetrant-Enhanced  Radiography 

The  procedures  for  making  radiographs  of  defects  and  damage  in  composites  differs  from 
the  conventional  ones  in  that  an  X-ray  opaque  penetrant  is  used  to  enhance  the  damage. 
The  penetrant  provides  significant  improvement  in  contrast  between  the  damage  and  the 
intact  composite,  as  shown  in  Figure  3-53.  Various  penetrants  have  been  used,  with 
tetrabromoethane  (TBE)  being  the  first  solution  evaluated.  This  penetrant  was  found  to 
be  highly  toxic  and  carcinogenic  so  its  use  was  discontinued.  Diiodobutane  (DIB)  was  used 
for  a  short  time,  but  was  also  found  to  be  a  toxic  organic  halide,  expensive,  and  had  a 
short  shelf  life.  The  enhancement  chemical  that  has  proven  non-toxic  and  is  relatively 
inexpensive  is  zinc  iodide  (Znl^),  used  with  an  alcohol  carrier  solution.  The  carrier  solu¬ 
tions  are  as  follows: 

MEK  Solution 
Zinc  Iodide  -  60  grams 
MEK  -  250  milliliters 


The  Isopropal  solution  requires  about  30  minutes  after  application  for  the  penetrant  to 
reach  the  end  of  the  damage.  This  time  is  reduced  to  about  ten  minutes  for  the  MEK 
solution.  After  saturation,  excess  penetrant  should  be  removed  from  the  open  surfaces 
with  absorbant  material.  The  use  of  these  penetrant  materials  should  be  used  with 
caution,  since  they  can  potentially  damage  or  obscure  the  fine  microstructural  fracture 
details  and  prevent  detection  of  contaminants.  For  fairly  chemically  stable  matrix 
systems  such  as  epoxies,  the  use  of  these  penetrants  have  not  created  any  undesirable 
effects  such  as  damage  to  the  fracture  surface  details,  particularly  when  removed  with  a 
clean  solution  of  the  primary  solvent  carrier.  For  other  material  systems  such  as  thermo- 


Isopropal  Solution 
Zinc  Iodide  -  60  grams 
Water  -10  milliliters  (ml) 
Isopropal  Alcohol  -  10  ml 
Kodak  "Photoflo"  -  1  ml 
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plastics,  the  effects  have  not  been  evaluated,  and  thus  should  be  spot  tested  prior  to 
application  to  the  fracture  surfaces. 

Various  X-ray  films  can  be  used,  although  a  high  resolution,  single-coat  film  such  as 
Kodak  Type  R  industrial,  low  speed,  fine  grain  film  gives  the  best  contrast  and  resolution. 
Double-coat  film  should  be  avoided  since  it  is  exposed  on  both  emulsions,  leading  to  a 
double  image  and  loss  of  resolution. 

X-ray  units  emitting  soft  X-rays  are  recommended,  with  a  small  spot  size  in  the  range  of 
1.5  mm  by  1.5  mm  or  less,  with  an  inherent  filtration  of  1.0  mm  berylium  equivalent  or 
less.  The  generator  tube  should  be  capable  of  producing  a  minimum  of  20  Kilovolts  at  2 
milliamps.  The  low  operating  voltages  produces  soft  X-rays  that  provide  resolution  of 
structural  details  within  the  laminate,  such  as  porosity  and  fiber  spacing  irregularities. 

For  applications  which  require  positioning  the  X-ray  tubes  at  tight  locations,  the  use  of  an 
end  anode  side  emission  is  recommended.  The  optimum  exposure  times  are  those  that 
produce  high  resolution  negatives  from  which  prints  can  be  made.  These  exposure  times 
are  shorter  than  that  used  for  direct  viewing,  it  should  be  noted  that  it  is  difficult  to 
obtain  prints  of  radiographs  that  will  reproduce  adequately  by  normal  printing  methods 
and  therefore  reporting  and  presentation  of  the  results  are  more  difficult  and  somewhat 
lacking. 

Inspection  of  the  films  often  requires  an  expert  to  differentiate  artifacts  from  actual 
damage.  The  interpretation  requires  an  understanding  of  how  the  penetrant  effects  the 
X-ray  beam  and  how  it  enters  the  damaged  specimen.  Regions  containing  penetrant 
appear  darker  than  regions  containing  no  damage  or  defects.  Regions  containing  no  pene¬ 
trant  have  a  uniform  grayness,  especially  on  structures  that  have  small  thickness  varia¬ 
tions,  since  composites  have  relatively  low  radiographic  scattering  or  absorber.ee  due  to 
the  elements  present.  Cracks  such  as  matrix  or  translaminar  cracking  appear  as  long, 
narrow,  dark  lines.  The  interpretation  of  artifacts  corresponding  to  delaminations  is 
usually  more  difficult.  The  opening  displacement  of  the  crack  is  the  greatest  at  the  edge 
and  the  least  at  the  end  of  the  delamination,  and  therefore  one  might  expect  a  visible 
lightening  of  the  image  from  the  free  edge  ’oward  the  crack  tip.  Whiie  this  change  in 
grey  level  holds  true  at  the  extreme  ends  of  the  crack,  the  situation  at  the  central  region 
is  such  that  the  capillary  forces  are  not  strong  enough  to  hold  the  penetrant.  This  results 
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in  a  central  boundary  region  that  does  not  stop  the  X-rays  and  often  appears  light  and 
undamaged. 


Another  modification  to  the  penetrant  enhanced  X-ray  image  involves  making  stereo 
radiographs,  such  that  a  three  dimensional  view  of  the  internal  damage  can  be  examined. 
The  standard  stereo  radiography  procedure  consists  of  making  two  X-rays  films  of  an 
object  from  slightly  different  orientations.  The  best  method  of  creating  the  two  views  is 
to  rotate  the  part  through  a  small  angle  (usually  about  7  to  15  degrees).  The  part  is  then 
allowed  to  remain  at  the  center  of  the  path  of  the  X-rays  and  is  also  centered  in  the 
radiograph.  The  depth  of  the  damage  can  then  be  identified,  as  well  as  differentiating 
between  overlaying  damage  that  might  be  masked  with  a  single  plan  view.  With  the  aid  of 
a  stereo  viewer,  the  defects  nearest  the  X-ray  source  have  the  largest  relative  displace¬ 
ment  and  the  farthest  defects  are  the  least  displaced. 

3.2.3  Eddy  Current 

This  technique  is  commonly  used  in  metals  and  has  provided  satisfactory  results  for  fabric 
laminates,  particularly  for  locations  around  small,  localized  geometric  variances  such  as 
fastener  holes  and  edge  radii.  Eddy  current  testing  involves  small,  hand  held  surface 
probes  that  produce  an  alternating  magnetic  field.  This  field  is  generated  by  an  alter¬ 
nating  current  test  instrument  coil.  This  alternating  expanding  and  collapsing  current 
induces  a  magnetic  eddy  current  in  the  specimen.  The  interaction  of  this  magnetic  field 
with  the  test  instrument  varies  as  the  internal  flaws  and  fractures  are  encountered.  The 
use  of  this  instrument  is  basically  limited  to  solid  laminates  that  are  conductive  and  have 
appreciable  magnetic  permeability.  This  method  relies  on  the  conductivity  of  the  carbon 
fiber,  which  is  at  best,  limited.  Figure  3-54  presents  a  typical  inspection  procedure  using 
a  probe  to  detect  subsurface  damage  in  fabric  laminates. 

3.2.4  Edge  Replication 

Edge  replication  has  proven  itself  to  be  an  accurate  technique  for  documenting  the  state 
of  damage  in  thin  laminate  sections.  It  is  a  direct  application  of  the  replication  technique 
used  for  TEM  specimen  preparation.  An  acetate  film  that  has  been  softened  with  acetate 
solution  is  firmly  applied  to  the  edge,  then  allowed  to  dry.  The  replica  can  then  be 
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shadowed  to  enhance  the  surface  features.  The  result  is  a  mirror  image  of  the  edge  that 
can  be  examined  at  higher  magnification  to  assess  invisible  damage.  Cracks  such  as  the 
translaminar  cracks  for  the  90  degree  plies  and  edge  delaminations  in  the  0  degree  plies 
can  be  readily  identified  and  highlighted  by  shadowing. 

3.3  FRACTOGRAPHY  TECHNIQUES 

Fractography,  the  science  of  studying  fracture  surfaces,  is  the  key  not  only  to  the  deter¬ 
mination  of  the  sequence  of  fracture  events  that  took  place  during  the  failure  process  but 
also  for  the  identification  of  the  state  of  stress  that  existed  at  the  time  of  fracture 
(tension,  compression,  and  shear).  Other  factors  such  as  environment,  material  defects, 
or  other  material  anomalies  that  may  have  contributed  to  crack  initiation,  growth,  and 
ultimate  failure  can  also  be  evaluated  using  the  tools  presented  in  the  following 
paragraphs. 

Due  to  their  laminated  construction  and  high  level  of  anisotropy,  particularly  on  a 
localized  scale,  failures  in  composite  materials  tend  to  be  extremely  complex  in  appear¬ 
ance  as  well  as  in  mechanism.  The  actual  failure  process  and  fundamental  fracture 
mechanisms  in  this  class  of  materials  are  not  sufficiently  well  understood  at  this  time. 
However,  many  of  the  analytical  methods  presently  used  for  fractography  of  composite 
structures  have  been  previously  developed  for  use  in  failure  analysis  of  metallic  materials, 
and  therefore  have  a  fairly  sound  fundamental  basis.  Efforts  within  the  past  ten  or  so 
years  in  the  area  of  composite  fractography  have  been  directed  toward  modifying  these 
well  developed  metals  techniques,  which  include: 

•  Visual  and  optical  macroscopy. 

•  Optical  microscopy. 

•  Scanning  electron  microscopy. 

•  Transmission  electron  microscopy. 

Each  of  these  analytical  techniques  provide  the  investigator  with  a  significant  amount  of 
information  regarding  the  fracture  by  examination  of  the  morphology  and  other 
topographical  features  related  to  the  fracture  process.  As  a  general  rule,  all  failure 
analyses  should  involve  each  of  the  above  techniques  (with  the  exception  of  TEM)  in  the 


order  of  increasing  magnification.  Each  investigation  requires  a  combination  of  the  above 
methods,  dependent  on  variables  such  as  size,  time  available,  and  type  of  fracture. 
Fractography,  as  an  investigative  post-failure  analysis  method,  involves  the  use  of  the 
various  techniques  listed  above  in  conjunction  with  the  interpretation  of  the  results  as 
related  to  the  fracture  process.  These  paragraphs  describe  in  detail  the  techniques  used 
to  identify  the  morphological  fracture  features.  The  physical  principles  involved  in  each 
technique  are  presented,  including  comments  on  how  these  principles  can  be  used  to 
control  image  type  and  the  type  of  features  observed  in  the  fractographs.  Specific 
examples  of  how  to  obtain  suitable  fractographs  and  gather  data  related  to  propagation 
type  (interlaminar  versus  translaminar),  crack  propagation  mode  (tension  versus  shear), 
crack  propagation  relative  to  the  fibers,  and  other  divisions  are  illustrated. 

In  Section  4.0,  the  interpretive  methods  and  specific  examples  of  how  the  fractographic 
data  relates  to  fracture  mode,  crack  growth,  and  other  faults  are  presented. 

In  addition  to  identifying  the  fracture  morphology,  the  other  primary  responsibility  of  the 
investigator  is  to  document  the  key  features  relevant  to  the  determination  of  the  cause  of 
failure.  This  involves  photo  documentation  for  reports  or  presentations,  as  well  as  later 
analyses,  and  can  often  require  extra  effort  during  an  investigation  so  that  the  photos 
convey  the  message  to  nontechnical  personnel.  For  example,  a  significant  portion  of  the 
analyses  can  be  performed  using  optical  microscopy,  and  although  the  image  can  be  evalu¬ 
ated  during  use  of  the  instrument,  the  details  of  resin  fracture  are  often  too  fine  or  have 
too  rough  of  a  fracture  topography  to  to  be  documented  on  optical  photomicrographs.  In 
this  case,  the  SEM  is  required  to  document  these  features,  although  it  may  not  be  required 
to  analyze  i  esin  fracture  details.  In  this  case,  the  two  techniques  are  complimentary  to 
one  another.  The  value  and  methodology  of  both  photo  documentation  and  the  identifica¬ 
tion  of  the  fracture  morphology  is  presented  as  well  as  providing  considerations  relative 
to  specimen  preparation  prior  to  analyses. 

In  fractographic  analyses,  primary  emphasis  is  placed  on: 

•  Locating  the  origin  of  the  failure. 

•  Establishing  the  direction  of  fracture. 

•  Identifying  the  load  state  and  modes  of  crack  growth. 


•  Determining  if  environmental  conditions  or  degradation  were  present. 

•  Identifying  if  anomalous  condition  contributed  to  reduced  material  strength  or 
premature  fracture. 

The  use  of  fractography  for  the  analysis  of  metals  dates  back  to  the  early  1900's,  and  well 
established  procedures  exist  for  its  application.  Recent  work  has  reviewed  and  modified 
these  guidelines  to  yield  the  detailed  fractography  FALN  illustrated  in  Figure  3-55.  The 
chart  diagrams  three  distinct  operations:  classification  of  failure  types,  crack  mapping, 
and  fracture  surface  chemical  examinations. 

The  first  failure  classification  breaks  down  the  relatively  complex  nature  of  composite 
fractures  into  two  distinct  types,  interlaminar  and  translaminar.  This  classification  is 
useful  because  different  analytical  methods  are  best  suited  for  each  type  of  fracture. 
Interlaminar  fractures,  or  delaminations,  are  best  analyzed  for  crack  growth  direction 
using  optical  microscopy,  whereas  translaminar  fracture  (which  break  the  fibers)  are  best 
analyzed  by  scanning  electron  microscopy. 

Determining  the  direction  of  crack  propagation  is  one  of  the  most  significant  concerns  in 
fractography.  The  recommended  technique  for  crack  mapping  uses  the  lowest  magnifica¬ 
tion  capable  of  performing  the  job.  This  recommendation  is  made  because  one  of  the 
fundamental  problems  in  detailed  microscopy  of  large  fractures  is  that  there  is  an 
extremely  limited  perspective  on  how  the  area  being  examined  relates  to  the  part  as  a 
whole.  The  situation  is  similar  to  the  old  adage,  "one  can't  see  the  forest  for  the  trees." 
With  a  limited  perspective,  it  is  often  possible  to  improperly  characterize  the  direction, 
mode,  or  load  state  at  fracture.  By  emphasizing  the  use  of  lower  magnifications  for  early 
investigations,  the  FALN  imposes  a  sense  of  perspective  on  later,  higher  magnification 
inspections. 

The  chemical  analysis  of  fracture  surface  features  may  be  required  to  determine  to 
sequence  of  fracture  events.  By  carrying  out  these  examinations  after  identifying  the 
fracture  origin,  emphasis  can  be  placed  on  any  anomalies  encountered.  Figure  3-56  and 
Figure  3-57  summarize  the  techniques  used  in  fractography. 
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Figure  3-55.  Fractography  Diagnostic  Technique  Sub-FALN 
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TECHNIQUE 

ocscnmoN 

USE 

VALUE 

Optical 

microscopy 

Optical  examination  at 
magnification  generally  at 
or  below  10X 

Plan-view  examination  and 
identification  of  fracture 
surface  features,  damage 
and  defects 

•  Documentation  of  fracture 

e  Identification  of  fracture  types 
(translammar  vs.  interlaminar) 

e  Determination  of  translammar  fracture 
modes 

Optical 

microscopy 

Optical  examination  at 
magnifications  above  10X 

Plan  view  examination  and 
identification  of  fracture 
surface  features,  damage, 
and  defects 

•  Identification  of  fracture  types 
(translammar  vs.  interlaminar) 

•  Determination  of  interlammary  fracture 
direction,  mode,  and  environment 

•  Determination  of  origin 

•  Identification  and  characterization  of 
defect  and  damage  conditions 

Optical 

X-section 

Metallographic  optical 
examination  at 
magnifications  above  10X 

Cross-sectional  examination 
of  laminate,  defect,  and 
damage  conditions 

•  Identification  of  fracture  locations 

•  Determination  of  laminate  orientation  and 
drawing  compliance 

•  Identification  and  characterization  of 
defect  conditions 

Scanning 

electron 

microscopy 

($EM) 

Microscopy  performed  by 
mapping;  secondary 
electrons  from  the  sample 
generated  by  a  primary 
electron  beam  raster 

High-magnification 
examination  of  fracture 
surfaces  and  defects  with 
excellent  depth  of  field 

•  Documentation  of  fracture  surface 

•  Identification  of  interlaminar  fracture 
mode,  direction,  and  environment 

•  Identification  of  translammar  fracture 
mode,  direction,  and  environment 

•  Determination  of  origin 

•  Identification  and  characterization  of 
defect  conditions 

Transmission 

electron 

microscopy 

(TEM) 

Microscopy  performed  by 
examining  the  focused 
pattern  of  electrons 
attenuated  by  a  thin 
fracture  surface  replica 

High-magnification 
examination  of  replicated 
fracture  surfaces  with  better 
depth  of  field  than  in  optical 
microscopy 

•  Limited  to  delamination  fractures 

•  Documentation  of  fracture  surface 

•  Identification  of  interlaminar  fracture 
mode,  direction,  and  environment 

•  Determination  of  origin 

•  Identification  and  characterization  of 
select  conditions 

Back -scatter 

electron 

microscopy 

Microscopy  performed  by 
imaging  back -reflected 
primary  beam  electrons 
generated  by  a  rastered 
electron  beam 

Intermediate  magnification 
of  fracture  surface  and 
defects  Back -reflected 
electrons  are  sensitive  to 
atomic  number  and  can  be 
used  to  distinguish  surface 
details  as  a  function  of 
atomic  number 

•  Documentation  as  a  function  of  atomic 
number 

•  Identification  and  characterization  of 
defect  conditions 

Figure  3-56.  Failure  Analysis  Techniques— Fractography 
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TECHNIQUE 

DESCRIPTION 

USE 

VALUE 

SE  M/microprobe 
energy  dispersive 
X-ray  analysis  (EOX) 

Quantitative  microchemical 
analysis,  photographic 
mapping  of  X-ray  energies 
created  by  primary  electron 
beam  raster 

Determines  microchemical 
elemental  composition  of 
micro-inhomogeneities  and 
particles 

a  Identification  of  metallic  contam¬ 
inant*  (atomic  number  >1 ) 

a  Particle  size  analyses 

SEM/microprobe 
wavelength 
dispersive  X-ray 
analysis  (WDX) 

Quantitative  microchemical 
analysis,  photographic 
mapping  of  X-ray 
wavelengths  created  by 
primary  electron  beam  raster 

Determines  microchemical 
elemental  composition  of 
micro-mhomogeneities  and 
particles 

a  Identification  of  metallic  contam¬ 
inants  (atomic  number  >5) 

a  Particle  size  analyses 

Auger  electron 
spectroscopy  (AES) 

Quantitative  surface  chemical 
analysis  (top  S  nm)  of  Auger 
electrons  ejected  due  to 
primary  electron  beam 

Determines  elemental 
chemistry  of  upper  S  nm  of 
surface  (requires 
conductive  surfaces) 

a  Identification  of  contaminant 
monolayers 

a  Identification  of  adhesive  failure 
interfaces 

X-ray 

photoelectron 
spectroscopy  (XPS) 

Quantitative  surface  chemical 
analysis  (top  5  nm)  of  photo¬ 
electrons  ejected  due  to 
primary  X-ray  beam 

Determines  elemental 
chemistry  and  chemical 
state  of  upper  5  nm  of 
surface  (cloes  not  require 
surface  conductivity) 

•  Identification  of  contaminant 
monolayers 

a  Identification  of  adhesive  failure 
interfaces 

Secondary  ion  mass 
spectroscopy  (SIMS) 

Qualitative  surface  chemical 
analysis  of  surface  monolayer 
atoms  removed  by  ion 
sputtering 

Determines  elemental  and 
chemical  state  of  surface 
monolayers;  repeated 
operation  allows  elements 
to  be  profiled  versus  depth 

a  Identification  of  contaminant 
monolayers 

Figure  3-57.  Failure  Analysis  Techniques— Fracture  Surface  Material  and  Chemical  Characterization 
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The  following  paragraphs  describe  the  failure  analysis  methodology  associated  with 
fractography,  the  decision  points,  the  use  of  most  of  the  analytical  tools,  all  combined 
with  the  background  reasoning  that  led  to  the  sequencing  and  structure  of  the 
fractography  FALN. 

Beginning  with  a  failed  structural  component,  the  initial  responsibility  of  the  investigator 
is  to  document  the  fracture  surfaces,  both  by  extensive  photodocumentation  and  by  visual 
and  optical  macroscopy.  At  this  important  stage,  while  the  entire  part  or  structure  is 
intact,  significant  critical  information  may  be  gained  through  assessment  of  the  overall 
types  of  fracture,  their  locations,  and  obvious  anomalous  production  or  service  conditions, 
all  of  which  give  an  investigator  a  feeling  of  the  primary  loading  events,  sequence,  and 
other  contributory  conditions  that  occurred  prior  to  or  during  failure.  Dependent  upon  the 
size  and  location  of  the  component,  further  fractographic  analysis  may  be  delayed  for 
nondestructive  analysis  such  as  hand-held  pulse-echo  ultrasonics  and  part  breakdown 
(fastener  removal)  into  separate  components  such  as  skin  and  spar.  As  the  separated 
pieces  become  available  during  breakdown,  the  investigator  should  identify,  define,  and 
document  the  individual  fracture  types  such  as  translaminar  or  interlaminar.  Visual  and 
optical  macroscopy  should  be  employed  for  these  analyses. 

Following  definition  of  fracture  types,  and  more  detailed  NDE  examinations  of  the  dam¬ 
age  regions,  the  most  labor  intensive  and  critical  portion  of  the  fractographic 
examinations  involve  the  use  of  detailed  macroscopic  and  microscopic  analysis.  These 
analyses  require  the  investigator  to  use  specialized  fractographic  techniques  to  determine 
the  fracture  directions,  modes,  and  environmental  conditions  at  fracture.  For 
translaminar  fractures,  the  majority  of  the  analyses  involve  fiber  fracture  details,  while 
matrix  resin  fracture  analyses  predominates  the  interlaminar  fractures.  Emphasis  should 
be  placed  upon  performing  as  much  examination  as  possible  at  the  lower  magnification 
ranges,  thereby  increasing  confidence  and  reliability  in  the  determination  of  crack 
directions,  modes,  and  any  anomalous  conditions  which  may  exist. 

If  determination  of  the  fracture  origin  is  made,  through  the  use  of  detailed  crack  mapping 
or  visual  and  macroscopic  analyses,  the  next  step  is  to  assess  whether  or  not  an  anomalous 
condition  exists  in  the  origin  zone.  If  such  a  defect  is  evident  or  suspected,  such  as 
adhesive  separation  which  has  a  general  lack  of  fracture  features,  commonly  associated 


with  contamination,  then  further  examinations  like  surface  chemical  analysis  may  be 
required. 

3.3.1  Care,  Handling,  and  Protection  of  Fracture  Surfaces 

The  preservation  of  the  physical  evidence  should  be  viewed  as  one  of  the  most  important 
responsibilities  for  the  investigator.  Education  on  proper  handling  and  protection  prior  to 
any  fractographic  examination  is  strongly  recommended  for  anyone  dealing  in  fractures 
either  in  the  field  or  in  the  laboratory.  When  a  fracture  occurs,  and  there  is  even  a  slight 
chance  that  it  will  be  submitted  for  laboratory  examination,  several  important  steps  must 
be  followed  so  that  maximum  information  can  be  obtained.  The  important  factor  is  pre¬ 
vention  of  damage  that  might  preclude  the  use  of  various  analytical  methods.  Most  of  the 
procedures  described  are  independent  of  the  particular  fractographic  techniques  being 
employed. 

The  care  and  handling  procedures  that  must  be  followed  are  based  on  general  methods 
that  have  been  proven  for  metals  and  modified  for  application  to  composite  structures. 
These  procedures  rely  on  the  fact  that  the  fracture  surface  contains  an  enormous  amount 
of  valuable  information  and  that  anything  done  to  obliterate  or  alter  this  information  may 
obstruct  important  information  related  to  the  fracture.  The  damage  that  can  occur  can 
be  separated  into  two  types,  either  mechanical  or  chemical. 

A.  Mechanical  Damage-This  type  may  arise  from  several  sources,  including  allowing  the 
fracture  to  impact  other  objects.  This  can  occur  during  the  fracture  process  itself  (for 
example,  departure  from  the  aircraft  and  subsequent  ground  impact),  during  removal  of  a 
fractured  portion  from  the  remainder  of  the  structure,  during  transportation  to  the  lab¬ 
oratory,  or  by  careless  accidents  such  as  dropping  the  component.  For  composites,  the 
consequences  of  damage  can  be  detrimental  to  the  proper  determination  of  the  cause  of 
failure,  since  quite  often  the  post  failure  damage  cannot  be  differentiated  from  that 
actually  created  during  the  failure  event.  Notably  different  than  metallic  structures, 
fractures  created  during  rapid  loading  such  as  impact  from  dropping,  often  cannot  be 
differentiated  from  fractures  created  under  slower  loading  which  might  be  encountered 
during  part  service.  Crack  growth  created  during  handling  such  as  peeling  delamination 
surfaces  apart  by  hand  are  especially  undesirable  as  they  are  often  impossible  to  differ¬ 
entiate  from  delaminations  created  during  the  fracture  event. 


The  fracture  can  usually  be  protected  during  shipment  by  properly  crating  the  structure, 
if  it  is  large  and  intact,  so  that  motion  of  the  component  will  not  create  rubbing  or 
translation  of  the  mating  fracture  surfaces.  Where  possible,  particularly  for  components 
that  have  translaminar  fractures,  the  amount  of  motion-induced  damage  can  be  elimi¬ 
nated  by  total  separation  of  the  fracture  halves  prior  to  shipment.  Parts  with  only  delam¬ 
ination  damage  can  usually  be  left  intact  for  shipment.  To  prevent  contamination  or  fluid 
ingression  such  as  rain,  the  structure  should  be  wrapped  with  a  clean  plastic  sheet. 

Smaller  components  or  test  coupons  should  be  placed  in  zip  lock  bags  or  other  airtight 
bagging  so  as  to  maintain  the  level  of  absorbed  moisture  and  more  completely  protect  the 
structure  from  contaminants.  If  necessary,  the  fracture  can  be  protected  during  shipment 
by  taping  cloth  or  cotton  to  the  surface,  as  long  as  loosely  adhering  material,  commonly 
associated  with  the  critical  fracture  regions,  are  not  dislodged. 

Touching  the  fracture  with  the  fingers  or  rubbing  it  should  definitely  be  avoided,  as  this 
can  leave  oils  or  other  contaminants  on  the  fracture  surface  which  may  alter  or  prevent 
surface  chemical  analysis  results.  One  of  the  most  common  sources  of  fracture  surface 
damage  is  when  two  halves  of  a  fracture  are  fit  together.  This  accomplishes  nothing 
important  and  always  results  in  some  microscopic  damage  to  the  fracture  surface,  and 
thus  should  be  avoided. 

B.  Chemical  Damage— This  type  of  damage  to  fractures  can  be  prevented  in  a  number  of 
ways,  each  using  common  sense  and  requiring  an  awareness  of  the  necessity  of  protecting 
the  surface  from  chemical  contamination  or  degradation.  Since  the  identification  of  a 
foreign  material  (such  as  release  agent)  present  on  a  fracture  surface  may  be  critical  in 
the  overall  interpretation  of  the  cause  of  fracture,  all  chemical  protection  schemes  such 
as  plastic  coatings  or  desicants  are  to  be  avoided.  If  such  a  condition  exists  where  a 
substance  must  be  cleaned  from  the  part  prior  to  shipment,  such  as  fire  retardant  foams, 
the  most  desirable  solvent  is  plenty  of  clean  water. 

C.  Laboratory  Cleaning- Usually  some  sort  of  cleaning  of  the  fracture  surface  is  required 
prior  to  examination,  since  small  pieces  of  fibers  and  matrix  are  present  due  to  e'ther  the 
fracture  process  or  mechanical  cutting  operations.  The  necessity  of  cleaning  is  not 
always  necessary,  and  to  prevent  potential  loss  of  contamination  evidence,  should  be 
avoideu  early  in  the  investigations  if  possible.  Numerous  cleaning  procedures  have  been 


attempted,  each  suited  for  the  extent  and  type  of  deposit,  or  the  preference  of  a  particu¬ 
lar  laboratory.  The  most  commonly  employed  cleaning  techniques,  in  order  of  leist-to- 
most  damage  or  destruction  of  evidence,  are: 

•  A  dry  air  blast  -  which  will  remove  many  loosely  adhering  materials.  If  possible, 
canned  air  for  laboratory  use  is  preferred  over  the  piped-in  compressed  air  which 
can  often  contain  oils  and  moisture.  A  soft  artist's  brush  will  assist  in  the  removal, 
but  extreme  care  must  be  exercised  to  see  that  no  damage  is  done  to  the  fracture 
surface. 

•  Detergent  wash  -  This  method  can  effectively  clean  most  specimens  for  high  mag¬ 
nification  investigations.  A  large,  soft  artist's  brush  can  be  used  to  apply  a  mild, 
water-base  detergent  (such  as  dish  washing  detergent),  followed  by  a  thorough  rinse 
in  lukewarm  tap  water  and  dried  by  air  blast.  Stubborn  deposits  of  particulate  dust, 
which  can  occur  on  cyclically  loaded  parts,  can  be  removed  by  ultrasonic  agitation 
while  the  detergent  solution  is  present.  Ultrasonic  durations  of  only  a  few  seconds 
is  usually  satisfactory,  although  up  to  15  minutes  have  been  required  to  remove 
physically  imbedded  dust  particles. 

•  Chemical  solvents  -  should  be  avoided  and  used  only  when  other  techniques  do  not 
remove  the  tenacious  deposits  or  chemical  coatings.  Prior  to  using  chemical 
solvents  on  critical  fracture  surface  regions,  these  solvents  such  as  acetone,  methyl 
ethyl  ketone  (MEK)  or  alcohols  should  be  trial  tested  on  fracture  surfaces  of  the 
same  material  to  check  for  degradation  or  loss  of  morphological  details.  Soak 
durations  should  be  kept  to  a  minimum.  These  solvents  may  also  be  used  with 
ultrasonic  agitation,  which  may  shorten  the  soak  duration  quite  significantly.  This 
should  be  followed  by  detergent  wash,  rinse  and  dry  as  above. 

3.3.2  Photo  Macrography 

Photography  plays  an  important  role  in  fractographic  reporting  as  well  as  analysis  of  the 
physical  features  associated  with  a  post-failure  investigation.  Photographic  documenta¬ 
tion  always  begins  with  several  pictures  of  the  broken  part.  This  is  followed  by 
successively  more  detailed  photography  of  the  fracture  surface  and  associated  details, 
including  the  documentation  of  the  successive  steps  carried  out  during  the  analyses. 


Prior  to  photo  documenting  a  fractured  part,  a  detailed  and  thorough  visual  examination 
of  the  specimen  in  the  as-received  condition  should  be  performed.  This  should  determine 
which  features  are  most  important,  which  aspects  are  extraneous  (such  as  post-failure 
damage),  and  whether  any  special  treatment  is  necessary.  This  inspection  should  begin 
with  unaided  visual  examination,  followed  with  a  hand-held  magnifier,  and  scrutinized 
with  a  low  power  optical  stereo  widefield  macroscope  if  possible. 

The  next  step  should  be  to  photograph  the  entire  surface  of  the  fractured  part,  with 
several  angles  and  lighting  conditions,  to  record  the  extent  and  type  of  damage  relative  to 
the  components  of  the  part.  The  documentation  should  begin  with  room  overhead  lighting 
and  proceed  using  various  angles  of  oblique  lighting,  to  assess  how  the  fracture  character¬ 
istics  can  best  be  delineated  and  emphasized. 

Accident  related  parts  are  often  best  photographed  in  the  field  and  sometimes  test  parts 
are  too  large  to  be  photographed  in  the  laboratory.  In  such  cases,  outdoor  photography 
using  35mm  or  4-by-5-inch  view  cameras  provide  the  best  results.  Where  adequate  day¬ 
light  lighting  exists,  it  should  be  taken  advantage  of,  although  flash  or  flood  lighting  can 
provide  necessary  illumination  of  shadowed  or  fine  details. 

Where  most  of  the  photography  in  the  laboratory  consists  of  overall  pictures  of  fractured 
parts  and  details  of  fracture  surfaces  at  low  magnification,  a  view  camera  offers  the 
highest  degree  of  flexibility.  While  8-by-10-inch  cameras  are  available,  the  4-by-5-inch 
cameras  are  most  popular,  lending  themselves  to  a  wider  range  of  photographic  media 
such  as  Polaroid  and  cut  negative  films.  Other  advantages  include  a  wide  range  of  mag¬ 
nifications  with  the  use  of  the  bellows  and  various  lenses;  the  ground  glass  backing  allows 
accurate  framing  and  focusing,  and  film  or  lens  planes  can  be  tilted  to  provide  focus  or 
perspective  on  large  components.  The  major  disadvantages  to  these  cameras  are  that 
they  are  slower  to  use  than  other  smaller  cameras  and  require  a  camera  stand  or  tripod. 

A  workable  setup  for  photographing  fracture  surfaces  or  small  specimens  is  a  view  camera 
mounted  on  an  enlarger  type  stand.  This  allows  vertical,  or  top-down  view  of  the  speci¬ 
men  and  conveniently  provides  a  fairly  quick  setup  and  photo  documentation  time. 

The  35  mm  single  lens  reflex  (SLR)  cameras  offer  ease  of  use  with  small  size  and,  as 
stated  above,  offer  a  particular  advantage  for  field  work  and  color  photography.  The  35 


mm  SLR  provides  a  quick,  "see  what  you  get"  feature.  With  the  cioseup  "macro"  lenses, 
magnifications  less  than  IX  can  be  obtained.  The  major  disadvantages  are  that  they  offer 
a  small  viewing  port  which  provides  a  limited  assessment  of  the  lighting  and  focus,  the 
small  negative  may  not  always  be  adequate  for  enlargements  with  high  speed/large  grain 
film,  and  the  tilt  and  swing  functions  of  the  lens  and  film  planes  are  not  available  as  in 
the  view  cameras. 

Low  magnification  stereo  macroscopes  with  attached  cameras  are  often  required  to  pro¬ 
vide  a  light  optical  view  and  documentation  of  the  fracture  features  at  magnification 
ranges  beyond  those  possible  for  the  35  mm  and  view  cameras.  These  systems  also  permit 
three  dimensional  viewing  at  magnifications  up  to  and  beyond  the  lower  limits  offered  by 
the  light  optical  microscopes.  The  practical  ranges  of  magnification  for  these  systems 
range  from  5X  to  80X.  These  systems  often  have  the  additional  advantage  that  detailed 
macroscopic  examinations  of  the  fracture  surface  details  and  origin  regions  can  be  per¬ 
formed,  while  allowing  documentation  of  the  features  identified. 

3.3.3  Optical  Microscopy 

Optical  microscopy  has  proven  itself  as  a  most  critical  tool  for  failure  analyses,  for  the 
examination  of  both  fracture  surfaces  and  cross-sections.  For  cross-sections,  the  optical 
microscope  remains  the  most  important  technique  available.  The  analyses  of  cross- 
sections  provide  insight  into  the  microstructural  features  related  to  construction,  crack 
propagation,  and  defect  conditions.  For  fracture  surfaces,  particularly  the  delamination 
surfaces,  the  optical  microscope  is  possibly  the  best  technique,  and  at  the  least  should  be 
used  in  conjunction  with  the  SEM  and  TEM,  rather  than  as  a  substitute.  The  fractography 
of  delaminations  by  optical  microscopy  can  provide  information  regarding  the  crack 
growth  direction,  loading  conditions  at  fracture,  the  origin  locations,  and  anomalous  con¬ 
ditions  related  to  the  origin.  Undoubtedly,  this  information  is  considered  paramount  to 
the  determination  of  the  cause  and  sequence  of  failure  and  thus  should  be  required  for  all 
investigations  of  delamination  surfaces. 

Microscope  systems  -  Optical  microscopes  are  available  from  a  wide  variety  of  sources 
and  range  considerably  in  cost  and  capability.  Reflected  light  is  the  illumination  mode 
used  for  composites.  These  microscopes  are  classified  as  upright  or  inverted,  relevant  to 


the  location  of  the  stage  with  respect  to  the  objective  lenses.  The  upright  microscope  is 
the  preferred  type  for  examination  of  fracture  surfaces,  as  the  fractures  surface  does  not 
contact  the  stage  which  can  potentially  damage  the  surface.  The  inverted  stage, 
however,  can  accept  an  extremely  large  specimen,  whereas  the  upright  stage  is  limited  to 
approximately  6  inches  by  6  inches  maximum  size. 

The  bench  type  microscope  is  the  least  expensive  type  and  often  can  provide  all  of  the 
capabilities  required  to  perform  the  investigations  during  fractographic  analyses  of  com¬ 
posites.  Various  metallographs,  although  usually  more  expensive,  provide  more  flexibility 
and  resolution.  These  can  range  from  simple  to  full-scale  research  units,  with  assorted 
illumination  modes,  objectives,  light  sources,  hot  stages,  and  other  features. 

Illumination  -  A  variety  of  light  sources  for  optical  microscopy  are  available.  The  low- 
voltage  tungsten  filament  lamp  is  most  often  used  on  bench  microscopes  and  has  adequate 
light  intensity  for  most  observation  and  photography  requirements.  Where  more  light 
intensity  is  required  for  photo  documentation,  xenon  arc  sources  (intensity  adjusted  by 
neutral  density  filters)  and  tungsten  halogen  filament  lamps  (adjusted  by  filters  or  elec¬ 
trical  current)  are  the  most  common. 


Diaphragms  -  Two  diaphragms  are  available  within  all  systems  to  provide  improve  image 
quality.  A  field  diaphragm  is  placed  near  the  light  source  to  minimize  internal  reflections 
and  glare  within  the  microscope.  This  diaphragm  is  stopped  down  to  the  edge  of  the  field 


of  view,  while  not  impairing  examination  or  photography.  A  second  diaphragm,  the 
aperture,  is  placed  in  the  light  path  just  before  the  vertical  illuminator.  Opening  or 
closing  this  diaphragm  alters  the  amount  and  the  cone  shape  of  light,  varying  the  contrast, 
sharpness,  and  depth  of  field.  As  magnification  is  increased,  the  aperture  should  be 
stopped  down.  At  a  given  magnification,  closing  the  aperture  increases  contrast  and 
depth  of  field  while  reducing  the  image  sharpness.  A  general  rule  of  thumb  for  aperture 
setting  on  rough  fracture  surfaces,  which  require  maximum  available  depth  of  field,  is  to 
stop  down  the  aperture  until  there  is  a  noticeable  decrease  in  image  quality  and  then  open 
it  slightly  to  eliminate  most  of  the  aberration. 

Objective  lens  -  This  forms  the  primary  image  and  is  therefore  the  most  important  com¬ 
ponent  of  the  optical  microscope.  The  apochromatic  and  piano  type  objectives  provide 
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the  highest  degree  of  correction  for  aberrations,  produce  the  best  results,  and  reduce  eye 
strain.  There  are  long-distance-working  objectives  which  are  particularly  valuable  for 
examination  of  fracture  surfaces  with  rough  topography,  and  are  usually  only  necessary 
for  objectives  in  the  upper  ranges  of  magnification  such  as  20  to  60X.  Other  desirable 
features  for  fractographic  examinations  are  parfocal  lenses  (maintains  focus  when  objec¬ 
tives  are  changed)  and  spring  loaded  lenses  (moves  when  contacted  with  specimen  to 
reduce  damage  to  lenses). 

Specimen  preparation  -  Reflected  light  illumination  mode  requires  a  relatively  flat  sur¬ 
face  due  to  depth  of  field  limitations  and  therefore  specimen  preparation  is  important  to 
provide  the  best  situation  for  examination  and  documentation.  Specimen  preparation  for 
cross-sections  are  presented  in  paragraph  3.1,  in  which  the  steps  for  cutting,  mounting  and 
polishing  are  described.  Specimen  preparation  for  fracture  surface  examinations  involve 
cutting  the  desired  fracture  region  from  the  remaining  structure  followed  by  cleaning. 

Fracture  surface  inspections  -  Optical  fractography  is  by  far  the  most  efficient  and  cost 
effective  method  for  examination  of  delamination  surfaces.  Since  the  specimen  setup  and 
examination  times  are  very  short,  an  enormous  amount  of  fracture  surface  is  covered  with 
this  technique.  As  a  result,  a  reliable  and  accurate  determination  of  the  typical  and 
representative  fracture  surface  features  is  obtained  in  a  relatively  quick  fashion.  Trans- 
laminar  fractures,  on  the  other  hand,  are  too  rough  and  have  too  fine  of  features  (fiber 
ends)  to  accommodate  themselves  for  optical  microscopy.  Low  magnification  inspections 
can  be  used  on  delaminations  to  verify  the  plane  of  fracture  and  the  location  of  crack 
growth  features  such  as  beach  marks  and  transverse  cracking.  More  detailed,  higher  mag¬ 
nification  inspections  provide  resolution  of  the  fine  matrix  resin  fracture  features.  These 
features  are  used,  with  the  interpretive  methods  presented  in  section  4.0,  to  identify  the 
direction  of  crack  growth  (by  evaluating  river  marks),  the  fracture  mode  (tension  versus 
shear),  and  indications  of  contamination  and  environmental  extremes.  Bright  field  illumi¬ 
nation,  a  stopped-down  aperture,  and  long  working  distance  objective  lenses  provide  the 
best  combination  for  examination  at  high  magnifications  required  for  crack  mapping  and 
identification  of  the  fracture  modes.  Crack  mapping  methods  and  interpretation  of  the 
fracture  features  are  presented  in  paragraphs  4.3  and  4.4.  The  features  found  with  the 
optical  microscope,  even  though  they  are  visible  through  the  eyepiece,  are  often  too  small 
to  document  with  photographic  film.  In  these  situations  where  photomicrographs  are 
desired,  the  SEM  is  required. 
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Cross-section  analyses  -  Metallographically  prepared  cross-sections  provide  the  following 
types  of  information: 

•  Determination  of  the  overall  laminate  quality. 

•  Quantitative  evaluations  of— 

.  extent  of  porosity 

.  relative  percent  and  morphology  of  phases  or  microconstituents 
.  ply  count  and  orientations 

•  Origin  examinations. 

•  Inspections  of  interfacial  conditions. 

•  Crack  propagation  regions  (intraply  versus  interply). 

•  Extent  of  degradation  due  to  wear,  thermal  cycling,  and  fatigue. 

Where  possible,  specimens  should  be  selected  from  at  least  two  areas  to  most  accurately 
characterize  the  features,  particularly  when  anomalous  conditions  are  identified.  These 
two  areas  include  1)  as  close  to  the  origin  as  possible,  and  2)  at  an  area  away  from 
damage. 

Several  illumination  methods  are  available  for  cross-section  analyses,  with  bright-field 
being  the  most  widely  used.  Dark-field  or  oblique  illumination  provides  an  excellent 
image  contrast  for  differentiating  surface  topographical  features  such  as  microcracks  and 
phase  interfaces.  Polarized  light  can  be  used  to  enhance  differences  between  ply  orienta¬ 
tions  for  easier  ply  count  and  orientation  analyses. 

3.3.4  Scanning  Electron  Microscopy  (SEM) 

Since  its  relatively  recent  origin,  SEM  has  found  a  wide  range  of  applications  in  failure 
analysis,  materials  research  and  development,  and  quality  control.  Fractography  is  prob¬ 
ably  the  most  popular  application  of  the  SEM.  The  three  dimensional  appearance  of  SEM 
fractographs,  the  large  depth  of  focus,  large  magnification  range,  and  simple  specimen 
preparation  with  direct  inspection  make  the  SEM  a  versatile  and  indispensable  tool  in 
failure  studies  and  fracture  mechanism  research.  This  unique  instrument  offers  possibili¬ 
ties  for  image  formation  of  fractured  parts  that  are  usually  easy  to  interpret  and  reveal 
clear  photomicrographs  of  rough  surfaces  as  weil  as  polished  cross-sections.  The  develop- 
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ment  of  an  assortment  of  related  capabilities  such  as  stereo  viewing,  quantitative  micro¬ 
chemical  analyses,  in-situ  fracture  studies  and  image  formation  that  is  easy  co  interpret 
all  contribute  to  the  value  of  this  investigative  and  research  tool.  Energy  dispersive 
X-ray  (EDX)  analysis  equipment  is  routinely  attached  to  the  SEM,  providing  semiquantita- 
tive  and,  in  favorable  situations,  quantitative  analysis  of  composition  from  a  small 
volume.  For  composites,  EDX  analysis  is  usually  only  required  for  contamination  analysis 
as  presented  in  paragraph  3.1.4. 

The  SEM  is  capable  of  magnifications  from  about  5X  to  250,0Q0X,  although  the  majority 
of  composite  fractography  analyses  do  not  go  beyond  20,000X.  SEM  is  normally  a  resolu¬ 
tion  of  approximately  100  angstroms.  The  depth  of  field  is  about  300  times  that  of  the 
light  optical  microscope,  providing  an  excellent  three  dimensional  view  of  the  specimen  at 
focal  depths  of  over  1000  microns  at  100X  and  5  microns  at  20,000X.  Specimens  can  be 
tilted  up  to  approximately  70  degrees  to  the  incident  beam,  while  maintaining  focus  over 
most  of  the  surface.  The  working  depth  ranges  from  8  mm  to  about  25  mm,  allowing  an 
extremely  rough  surface  (such  as  with  protruding  fibers)  to  be  examined.  The  specimen 
size  is  usually  limited  by  the  size  of  the  chamber  door.  The  maximum  size  for  the  latest 
SEM  equipment  is  approximately  6  inches  by  6  inches,  with  limitations  in  tilt  and 
thickness  at  this  size.  Usually  specimens  are  much  smaller  (0.5  to  1.0  inch  square),  so 
that  thicker  specimens  and  maximum  tilting  may  be  allowed.  Since  the  specimen  size  is 
limited,  very  large  specimens  must  be  partially  destroyed.  This  particular  first  presents  a 
limiting  feature  to  the  SEM,  and  therefore  lower  magnification  and  less  destructive 
inspections  such  as  optical  macroscopy  and  microscopy  should  be  employed  prior  to  SEM 
analyses. 

3.3.4. 1  SEM  Specimen  Preparation 

Proper  specimen  preparation  is  basically  simple  and  requires  only  a  small  amount  of  time. 
The  preparation  sequence  is  usually  as  follows: 

•  Specimen  selection  -  commonly  visual  or  optical  inspections  of  the  fracture  surfaces 
to  define  areas  of  interest  for  analyses  or  documentation. 


•  Specimen  cutting/removal  -  this  involves  mechanical  methods  such  as  abrasive 
cutoff  machines  or  hand  saws,  as  discussed  in  paragraph  3.1.1. 

•  Specimen  cleaning  -  used  to  remove  dust  particulate  (from  the  fracture  and  cutting 
processes)  and  oils,  etc,  as  discussed  earlier.  Cleaning  and  coating  should  not  be 
performed  if  contamination  is  a  concern. 

•  Specimen  mounting  -  this  involves  adhering  the  specimen  to  a  mounting  stub;  to 
secure  it  and  provide  a  conductive  path  from  the  specimen  to  the  SEM  chamber. 

•  Specimen  coating  -  usually  required  for  nonconducting  materials  such  as  composites 
when  high  KeV's  are  used. 

Good  imaging  requires  careful  specimen  preparation,  such  that  electrical  charging,  elec¬ 
tron  beam  damage,  and  outgasing  of  volatiles  are  minimized.  Composites,  due  to  their 
laminated  construction  and  organic  structure,  are  subject  to  all  of  these  problems  if  the 
proper  preparation  procedures  are  not  followed.  Because  of  this,  the  latter  two  prepara¬ 
tion  steps  (mounting  and  coating)  are  discussed  in  detail  below. 

Mounting  -  To  prevent  charging,  conductive  adhesives  such  as  silver,  carbon,  or  aluminum 
containing  glues  are  used  to  bond  the  specimen  to  the  stub.  Drying  times  are  on  the  order 
of  30  minutes,  although  it  can  be  significantly  reduced  with  the  aid  of  a  warm  air  blower. 
In  order  to  maintain  proper  specimen  identification,  labeling  the  stub  with  a  scribe  is 
often  recommended. 

Conductive  coating  -  Non-conducting  materials  such  as  composites  are  usually  coated  to 
prevent  electron  charging,  caused  by  a  buildup  of  a  space  charge  region  of  absorbed  elec¬ 
trons.  This  charging  appears  dark  at  the  site  of  absorbed  electrons  and  deflects  the 
incident  beam,  leading  to  image  distortion  and  significantly  changes  the  emission  of  sec¬ 
ondary  electrons  so  that  the  surrounding  region  appears  washed  out  or  over-bright. 
Charging  can  be  prevented  by  operating  at  low  acceleration  voltages  (less  than  5  KeV)  or 
applying  conductive  coatings.  The  latter  method  is  preferred  by  most  laboratories,  since 
the  magnification  ranges  do  not  ever  approach  conditions  where  the  coating  would  affect 
microstructural  resolution.  It  should  be  noted  that  non-coated  low  KeV  analyses  offer 


shorter  preparation  times  and  do  not  cover  or  obstruct  surface  contaminations,  but  do 
usually  require  an  image  enhancement  system  to  properly  process  the  limited  image 
output. 

The  coating  layer  must  be  thin  as  feasible  to  minimize  the  possibility  of  obscuring  fine 
details  and  thick  enough  to  provide  a  conductive  path  for  the  impinging  electrons.  The 
minimum  thickness  is  dependent  upon  the  general  roughness  of  the  specimen  surface,  and 
may  range  from  10  nanometers  for  relatively  flat  specimens  to  50  nanometers  for 
extremely  rough  topographies.  Carbon,  copper  aluminum,  platinum,  palladium,  silver, 
gold,  or  gold-palladium  are  applied  by  high  vacuum  vapor  deposition  or  sputtering.  The 
gold-palladium  sputtered  is  the  preferred  method,  since  sputtered  layers  provide  better 
adhesion  and  more  even  condensation,  and  it  provides  the  finest  microstructure  and  lowest 
possibility  of  obscuring  fine  details.  A  combination  that  seems  to  work  well  for  most 
fractures  is  to  sputter  coat  approximately  20  nm  of  Au-Pd  using  the  DC-pulse  mode  for  5 
minutes  after  backfilling  the  vacuum  chamber  to  4.0  to  7.0  Pascal  (30  to  50  millitorr)  with 
argon. 

It  should  be  noted  that  a  nondestructive  method  for  SEM  examination  is  available  for 
situations  where  destructive  cutting  examination  is  not  possible  or  the  fracture  surface 
may  not  be  removable  from  the  structure.  In  these  situations,  a  two  stage  acetate  replica 
may  be  produced  with  the  same  techniques  described  for  TEM  analyses.  The  only  differ¬ 
ence  is  that  the  specimen  must  be  made  conductive,  and  therefore  requires  an  additional 
layer  of  vapor  deposited  gold  or  similar  material. 

3.3.4.2  SEM  Techniques 

The  basic  features  of  the  SEM  are  presented  in  Figure  3~58.  This  instrument  is  a  combi¬ 
nation  of  electron-optical,  vacuum,  and  electronic  control  devices  for  impinging  a  narrow 
beam  of  electrons  from  a  heated  cathode  and  focused  by  a  system  of  magnets  to  a 
pinpoint  spot  on  the  surface  of  the  specimen.  An  image  is  gained  from  collecting,  modify¬ 
ing,  and  displaying  the  resulting  emission  from  the  specimen's  surface.  The  cathode,  or 
filament,  is  usually  tungsten.  Acceleration  voltages  range  from  1000  to  50,000  volts, 
although  the  usual  range  for  composites  are  2  to  30  KeV.  A  more  effective  and  longer  life 
electron  source  is  lanthanum  hexoboride  (LaBg).  This  new  cathode  requires  more  care  and 
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Figure  3-58.  Basic  Features  of  the  SEM 
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warm-up  time  in  addition  to  a  better  vacuum  and  higher  initial  cost.  To  generate  the 
required  vacuum,  a  diffusion  pump  or  a  turbomolecular  pump  is  used. 

The  electron  beam  scans  the  specimen  similar  to  the  way  a  cathode  ray  tube  is  used  to 
image  a  scanning  rastor  on  a  television  screen.  A  scanning  generator  controls  the  current 
to  the  scanning  coils,  which  in  turn,  deflect  the  incident  beam  along  closely  spaced  lines. 
The  magnification  is  controlled  by  varying  the  current  in  the  deflection  coils.  The 
electron  beam  impacts  the  specimen  surface,  and  the  electrons  that  return  from  the 
specimen  surface  are  collected  by  a  detector.  Amplification  of  this  electron  signal  is 
required  for  imaging  the  scanning  cathode  ray  tube. 
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When  the  primary  electron  beam  is  impinged  upon  the  specimen,  electrons  and  other 
radiations  are  emitted  from  the  surface  that  can  be  used  to  produce  images  and  to  miero- 
chemicaliy  determine  the  elements  present.  Figure  3-59  shows  the  types  of  emissions 
radiated  from  the  surface  and  the  relationship  to  the  type  of  detection  modes  available. 
The  most  common  detection  modes  for  composite  materials  are:  (1)  the  secondary  elec¬ 
tron  (SE)  mode,  (2)  the  backscatter  electron  (BE)  mode,  (3)  the  psuedo  backscatter 
electron  (PBE)  mode,  and  4)  X-ray  spectroscopy.  These  are  used  routinely  with  a  sound 
understanding  of  the  types  of  information  available  and  the  limitations  of  each  detection 
mode.  Each  of  these  detection  techniques  are  described  below  except  X-ray 
spectroscopy,  which  is  presented  in  paragraph  3.1. 

Although  both  secondary  and  backscatter  electrons  are  used  for  fraetography,  the 
secondary  electrons  are  usually  the  preferred  source  since  they  offer  better  resolution, 
provide  an  abundant  signal,  permit  viewing  areas  of  the  specimen  that  are  not  in  direct 
line  with  the  detector,  and  provide  a  better  three  dimensional  effect  due  to  the  shadowing 
loss  of  electrons  at  topographical  features.  There  are  situations  where  it  is  neccesary  to 
sacrifice  resolution  for  improved  image  contrast  and  differentiation  of  features  or  phases 
by  their  atomic  number.  In  such  a  case,  backscatter  electrons  provide  image  contrast  in 
specimens  which  are  especially  smooth  or  are  viewed  at  low  magnifications. 

Secondary  electrons  are  produced  by  interaction  of  the  primary  electrons  with  the  atoms 
in  the  first  1  to  10  nm,  resulting  in  emission  of  the  loosely  bound  atomic  electrons.  The 
energy  spectrum  of  these  secondary  electrons  are  independent  of  the  energy  of  the 
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Figure  3-59.  The  SEM  Beam-Specimen  Interaction  Details 


incident  beam  and  material  type.  The  energy  spectrum  is  fairly  limited  in  range,  with  a 
pronounced  maximum  at  approximately  3  eV.  As  a  general  rule,  all  electrons  below  50  eV 
are  considered  to  be  secondary  electrons  and  electrons  with  more  energy  are  in  the  back- 
scatter  range.  The  primary  factor  for  secondary  yield  is  due  to  topographical  features 
such  as  small  variations  in  the  surface  angle.  Since  the  secondary  are  emitted  from  the 
top  few  nanometers,  the  envelope  of  the  excited  and  emitted  electron  volume  moves 
closer  to  the  surface  when  the  beam  contacts  the  surface  at  an  angle,  thus  increasing 
secondary  electron  yield,  and  therefore  brightness  on  the  visual  image. 

As  shown  in  Figure  3~59,  the  backscatter  electrons  are  produced  by  single  large-angle  or 
multiple  small-angle  elastic  scattering  of  the  primary  electrons  as  they  impact  the  atoms 
from  0.1  to  1.0  pm  beneath  the  surface  of  the  specimen.  Different  than  secondary  elec¬ 
trons,  the  energy  distribution  of  the  backscatter  electrons  depend  directly  on  the  energy 
of  the  primary  electrons  and  the  atomic  number  of  the  material.  In  a  similar  manner, 
although  with  a  more  pronounced  effect,  surface  inclination  of  the  specimen  provides  an 
accentuation  of  the  topographical  features  of  the  specimen.  In  specimens  with  high 
atomic  numbers,  which  have  larger  atomic  sizes,  a  larger  percentage  of  the  electrons  are 
backscattered  from  atoms  closer  to  the  surface,  with  little  change  in  energy.  Therefore, 
the  yield  and  thus  the  brightness  is  increased  with  materials  that  have  higher  atomic 
numbers.  For  those  specimens  which  have  a  very  smooth  topography,  the  use  of  pseudo- 
backscatter  electron  is  employed.  This  involves  using  the  secondary  electron  detector 
with  gating  of  the  allowed  electron  energies  for  those  electrons  with  more  than  50  eV. 

This  detection  mode  does  not  "see"  the  secondary  electrons  that  have  energies  around  3 
eV.  Figure  3~60  illustrates  the  use  of  secondary,  backscatter,  and  pseudo-backscatter  for 
the  imaging  of  a  composite  fracture  surface. 

Optimization  of  imaging  can  enhance  the  image  for  analysis  and  documentation.  Some 
components  of  a  scanning  electron  microscope  have  their  own  characteristics  of  resolu¬ 
tion  and  noise,  which  determine  the  image  quality,  however,  most  instrument  parameters 
are  fixed  by  the  designer  to  achieve  maximum  performance.  The  SEM  provides  flexibility 
so  that  the  operator  can  adjust  the  instrument  parameters  for  a  specific  specimen  and 
investigation.  Several  commonly  adjusted  parameters  which  are  available  include: 
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•  Object  tilt  angle. 

•  The  aperture  size  and  working  distance. 

•  The  beam  characteristics  such  as  beam  KeV  and  spot  size. 

•  The  detection  method  such  as  SE  or  BE. 

Object  tilt  probably  provides  the  greatest  effect  on  the  overall  image  and  thus  should  be 
optimized.  Specimen  tilt,  which  causes  the  beam  penetration  depth  and  scattering  to 
vary,  results  in  contrast  between  topographical  features,  similar  to  side  lighting  in  optical 
macroscopy  or  shadowing  for  the  TEM.  The  effect  of  tilting  is  more  pronounced  for  the 
backscatter  mode  than  the  secondary  emission  mode.  Since  tilting  can  be  used  to  enhance 
subtle  features  on  smooth  fractures,  the  use  of  high  tilts  are  often  required  for  examina¬ 
tion  of  fatigue  features,  as  shown  in  Figure  3-61,  where  fatigue  striations  are  not  visible 
until  tilts  beyond  30  degrees  are  employed.  Similarly,  the  use  of  tilt  often  provides  a 
quite  different  perspective  of  the  fracture  morphology  such  as  hackles,  as  shown  in  Figure 
3-62. 

The  aperture  size  and  working  distance  determine  the  depth  of  focus.  For  rough  surfaces 
at  low  magnifications,  a  small  aperture  and  large  working  distance  are  selected.  For  high 
magnifications,  a  short  working  distance,  small  aperture,  and  high  lens  currents  must  be 
used  to  minimize  the  spot  size. 

Interlaminar  Fractures-The  basic  fracture  types  and  the  general  SEM  instrument  optim¬ 
ization  for  each  type  is  presented  below. 

•  Crack  mode  and  direction  of  propagation  -  use  magnification  in  the  range  of 
400X  to  2000X,  to  inspect  the  direction  of  river  marks,  resin  microflow,  and 
tilt  of  hackles.  For  most  observations,  a  tilt  of  approximately  30  degrees  in 
the  SE  detection  mode  appears  to  be  best. 

•  Fatigue  -  where  this  crack  growth  mode  is  suspected,  high  tilts  beyond  60 
degrees  are  often  required,  with  viewing  angle  perpendicular  to  the  striation. 
For  instance,  Mode  II  shear  striations  usually  appear  within  the  fiber  matrix 
separation  region,  and  therefore  the  viewing  angle  should  be  running  parallel 
to  the  direction  of  fibers  in  a  tape  material.  Pseudo  backscatter  and 
backscatter  detection  modes  have  been  used  successfully  to  identify  and 
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provide  accentuated  contrast  to  striations  that  are  not  easily  detected  using 
the  secondary  electron  detector. 

•  Disbond  or  contamination  -  for  areas  suspected  of  contamination  or  regions 
suspected  of  having  a  thin  coating  with  different  atomic  number,  the  use  of 
backscatter  is  invaluable.  Usually  a  tilt  is  not  required  for  this  detection 
method. 

Translaminar  Fractures— For  these  fractures  which  have  a  very  rough  topography,  the  use 
of  small  apertures  is  desirable  to  increase  the  depth  of  field.  Increasing  the  working  dis¬ 
tance  also  provides  increased  depth  of  field,  although  the  resolution  is  degraded  at 
extremely  long  distances  and  higher  magnifications.  Higher  accelerating  voltages  do  not 
provide  any  additional  benefit  since  the  secondary  electron  emission  is  independent  of  the 
beam  energy.  For  most  of  these  investigations,  the  magnification  range  is  from  5X  (for 
macroscopic  view  to  differentiate  between  compression  or  tension)  to  2500X  (to  identify 
the  individual  fiber  end  fracture  morphology).  Since  the  translaminar  fractures  provide  an 
enormous  amount  of  contrast  and  topography  changes,  the  SE  detection  mode  is  most 
useful  since  it  is  least  sensitive  to  roughness  extremes. 

3.3,5  Transmission  Electron  Microscopy  (TEM) 

The  use  of  transmission  electron  microscopy  is  fairly  limited  in  investigation  of  composite 
fracture  surfaces.  Since  the  application  of  the  SEM,  which  provides  an  excellent  view  of 
the  fracture  morphology,  the  TEM  has  been  only  applied  to  analyses  of  interlaminar 
fatigue.  For  this  failure  type,  the  striations  related  to  cyclic  crack  growth  are  usually 
faint  and  limited  to  small  zones  in  the  fracture  surface.  The  TEM  has  advantages  over 
the  SEM  in  that  extremely  fine  resolution  and  a  high  degree  of  image  enhancement  is 
available  through  the  specimen  preparation  methods  and  specimen  tilt  during  analyses. 

The  TEM  however,  requires  a  labor  intensive  specimen  preparation  and  a  trained  operator 
to  interpret  the  features  observed.  Quite  different  than  the  SEM,  the  transmitted  elec¬ 
trons  provide  an  image  that  is  difficult  to  interpret  and  differentiate  the  actual  fracture 
features  from  artifacts  created  during  the  replication  process  and  microscope  operation. 


3.3.5. 1  TEM  Specimen  Preparation 


The  basic  specimen  used  for  TEM  analyses  is  the  two-stage  replica.  Direct  examination 
of  the  fracture  surface  can  be  made  with  the  other  techniques  discussed  above,  but 
replicas  offer  the  unique  capability  of  transposing  topographical  information  of  composite 
delaminations  to  a  high-fidelity  facsimile  that  can  be  conveniently  handled  and 
transported,  and  readily  examined  in  the  TEM,  SEM,  or  light  optical  microscope.  The  use 
of  replication  has  significant  value  when  the  fracture  surface  of  the  failed  part  cannot  be 
transported  to  the  laboratory.  Additional  value  is  the  ability  to  generate  several  replicas 
of  the  fracture  surface,  all  of  which  may  be  destructively  analyzed  to  determine  the 
physical  features  relative  to  the  determination  of  the  cause  of  failure. 

The  initial  cleaning  of  the  composite  fracture  surface  was  covered  in  paragraph  3.3.  This 
usually  involves  detergent  wash  with  ultrasonic  agitation  to  displace  particulate  that  may 
be  physically  impacted  into  the  fracture  surfaces  during  fatigue  cyclic  loading.  The  final 
stage  of  cleaning  usually  consists  of  successively  applying  and  stripping  several  acetate 
tape  replicas.  The  thin  acetate  tape  is  first  wetted  with  a  small  amount  of  acetate 
solution,  allowed  to  soften,  and  then  applied  to  the  fracture  surface  which  also  has  some 
acetated  solution  applied  to  the  area.  Hand  pressure  is  maintained  without  moving  for  at 
least  a  full  minute.  Following  full  drying  of  the  replica,  it  is  carefully  removed  to  limit 
the  damage  from  lifting  fibers  from  the  fracture  surface.  Usually  two  replicas  are 
required  to  properly  clean  the  fracture  surface. 

For  most  composite  laminates,  the  matrix  material  can  withstand  short  periods  of  contact 
with  solvent,  even  those  within  their  own  functional  chemical  groups.  This  is  particularly 
true  for  chemically  stable  epoxy  resins  that  are  thermosetting  and  are  highly  cross-linked. 
For  these  resin  systems,  the  use  of  the  most  common  replication  materials,  acetate  film 
and  acetone,  do  not  exhibit  damage  of  even  the  finest  fracture  details.  Other  matrix 
materials,  particularly  those  that  are  thermoplastic  and  are  not  cross-linked,  should  be 
spot  tested  in  an  area  in  the  replication  technique. 

Following  the  generation  of  several  clean  replicas,  they  are  then  prepared  in  the  same 
manner  that  is  used  for  metals,  in  which  the  plastic  replica  is  first  shadowed  with  a  high  Z 
(atomic  number)  material  such  as  germanium,  and  then  coated  with  carbon.  Figure  3-63 
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Figure  3-63.  The  Two-Stage  TEM  Replication 
Technique 

5-B70227R1-142 


illustrates  the  two  stage  replication  technique.  For  fatigue  striation  evaluation  and  maxi¬ 
mum  enhancement  of  the  subtle  features  involved,  the  direction  of  germanium  shadowing 
should  be  parallel  to  the  direction  of  anticipated  fatigue  crack  growth. 


These  replicas  are  then  cut  to  size,  for  fit  to  the  copper  grids,  and  then  floated  in  an 
acetone  solution  to  remove  the  plastic  portion  from  the  replica.  This  stage  is  the  most 
difficult  and  often  very  frustrating.  Due  to  the  fiber  reinforcements,  the  replicas  have  a 
pronounced  tendency  to  curl  along  the  ridges  formed  by  the  fibers.  Laminate  tape  frac¬ 
tures  are  extremely  sensitive  to  this  problem,  particularly  when  the  fracture  involves  only 
unidirectional  fiber  orientation.  Specialized  methods  can  be  attempted,  which  include: 


Dilute  the  acetone  solution  with  distilled  water  to  reduce  the  chemical  mixing 
and  curling,  thus  reducing  the  possibility  of  tearing  and  breakup. 


Providing  more  than  one  carbon  coating,  each  at  different  angles,  to  provide  a 
more  complete  covering  of  the  specimen.  This  increases  the  thickness  which 
tends  to  reduce  the  curling. 


When  the  above  methods  fail,  the  specimen  can  be  scribed  in  the  direction 
perpendicular  to  the  fiber  direction,  creating  a  crosshatched  effect,  also 
reducing  the  chance  of  curling  or  breakup.  The  crosshatching  has  been 
successfully  performed  using  a  hot  blade,  attached  to  the  tip  of  a  small 
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soldering  gun,  so  that  the  damage  is  lessened  by  the  smooth  cutting  action  on 
the  plastic  film.  The  cuts  should  be  made  very  close  together,  as  close  as  0.01 
to  0.02  inches,  with  very  light  pressure  to  the  coated  side  of  the  replica. 

•  The  small  replica  specimen  can  be  placed  between  two  copper  grids  (there  are 
butterfly  types  for  this  purpose)  and  the  plastic  may  be  removed  overnight  by 
acetone  vapor.  (There  are  instruments  sold  for  this  purpose.) 

3.3.5.2  TEM  Techniques 


The  TEM  shown  in  Figure  3~64  contains  an  electron  source,  or  filament,  that  emits  a 
stream  of  electrons  into  a  vacuum  chamber.  The  filament  is  held  at  high  accelerating 


Figure  3-64. 


Basic  Features  of  the  Transmission 

Electron  Microscope  (TEM)  5-B7022/-143 
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potential  relative  to  the  grounded  anode  beneath  it.  The  electrons  pass  through  the  hole 
located  in  the  center  of  the  anode  and  then  through  a  condenser  lens  which  consists  of  a 
electrically  variable  magnet.  The  condenser  lens  focuses  the  beam  on  the  specimen.  The 
electrons  are  either  reflected,  absorbed,  or  transmitted.  The  electrons  which  are  trans¬ 
mitted  through  the  specimen  are  allowed  to  pass  through  three  magnetic  lenses,  forming  a 
succession  of  three  images,  each  magnified  in  turn  to  yield  the  intended  overall 
magnification.  The  range  of  magnification  is  from  200X  to  about  25,OOOX  for  two-stage 
replicas,  however  the  limit  of  use  for  composite  laminate  resin  is  about  10,000X. 

The  quality  of  the  TEM  image  is  affected  by  magnification,  image  intensity,  image  con¬ 
trast,  and  the  resolution  obtainable.  For  increased  resolution,  higher  magnification  and 
better  focus  is  necessary.  For  increased  contrast,  the  objective-lens  aperture  may  be 
varied,  lower  KeV's  can  be  used,  or  the  specimen  can  be  tilted.  Specimen  tilt  is  usually 
the  best  method  for  identifying  the  faint  striations  present  in  the  resin  fracture  regions. 
Figure  3~65  presents  fractographs  of  a  specimen  which  had  been  subjected  to  a 
compression-compression  fatigue  cyclic  loading.  The  faint  striations  are  barely  visible 
and  lie  perpendicular  to  the  locallized  crack  growth  directions.  River  marks  and  resin 
microflow  are  also  evident.  The  river  marks  and  resin  microflow  features  can  be  used  to 
identify  the  locallized  direction  so  that  the  tilting  of  the  specimen  can  be  made  on  the 
correct  plane  to  maximize  the  enhancement  of  the  striations.  Figure  3-66  illustrates  the 
striations  evident  at  the  fiber/matrix  interface  region  for  crack  lap  shear  specimens  (80% 
interlaminar  Mode  II  shear).  Tilts  between  15  and  30  degrees  were  required  for  creating 
enough  contrast  and  striation  enhancement  for  the  fractograph  examples  presented  in  this 
paragraph. 

3.4  STRESS  ANALYSIS  TECHNIQUES 

3.4.1  Introduction  to  Composite  Stress  Analysis 

The  purpose  of  stress  analysis  in  the  context  of  this  compendium  is  to  provide  information 
which  may  lead  to  defining  the  cause  of  failure  damage  in  a  composite  structural  compo¬ 
nent.  Although  other  methods  of  analysis  may  identify  the  origin,  direction,  and  mode  of 
crack  propagation,  stress  analysis  most  often  provides  a  quantitative  explanation  for  the 
cause  of  failure  initiation.  The  following  introductory  paragraphs  are  intended  to 
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acquaint  the  reader  with  the  methodologies  and  techniques  used  for  stress  analysis  as 
applied  to  failure  investigations  of  composite  aircraft  structures. 

A.  Stress  Analysis  Techniques 


In  the  following  paragraphs,  literature  on  stress  analysis  is  reviewed  in  detail.  While  these 
writings  by  no  means  encompass  the  entire  field  of  stress  analysis,  they  provide  a  perspec¬ 
tive  on  the  techniques  and  procedures  available  for  composite  materials.  Before  discuss¬ 
ing  the  application  of  these  techniques,  however,  it  is  important  to  recognize  the  role  of 
stress  analysis  in  a  postfailure  investigation. 

Most  components  are  subjected  to  detailed  stress  analyses  as  part  of  their  initial  design. 
Consequently,  in  the  as-designed  configuration,  failure  should  not  occur  as  long  as  the 
component  is  operated  within  its  design  life  and  envelope.  However,  real-world 
experience  indicates  that  component  fractures  do  occur  in  service.  Common  causes  of 
such  failures  include: 

•  Design  Deficiencies  such  as  insufficient  assessment  of  loads  and  stresses, 
either  of  design  details  or  individual  plies.  Also  included  are  the  over 
simplification  of  loads,  load  paths,  and  the  combined  effects  of  load,  damage, 
and  environment. 

•  Manufacturing  and  Process  Discrepancies  such  as  mismatched  radii,  ply  layup 
errors,  and  mislocated  or  misdrilled  fastener  holes. 

•  Service  Damage  including  foreign  object  impact,  subcritical  cracking,  and 
improper  maintenance  or  repair. 

For  each  case,  the  objective  in  analyzing  stress  is  to  determine  if  the  occurrence  of  a 
failure  not  predicted  during  initial  design  can  be  explained  and  understood.  While  tech¬ 
niques  such  as  fractography  may  be  able  to  identify  the  origin  and  mode  of  fracture,  it  is 
stress  analysis  that  most  often  determines  the  cause  of  failure. 
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The  stress  analysis  required  to  investigate  part  failure  can  be  relatively  complex,  but 
from  the  point  of  view  of  the  failure  analyst,  the  process  involved  can  be  divided  into  two 
discrete  tasks,  thus  making  the  review  of  available  literature  most  straightforward.  The 
two  tasks  are: 

•  Assessment  of  the  component  strength  in  the  as-fabricated  condition. 

•  Assessment  of  component  residual  strength  considering  flaws,  damage,  and 
sub-critical  cracks. 

Figure  3~67  illustrates  the  relationship  between  the  methods  identified  in  the  literature 
and  these  two  tasks.  The  first  task,  assessing  the  part  strength  in  the  as-fabricated  condi¬ 
tion,  evaluates  stresses  at  a  greater  level  of  detail  than  during  initial  design.  In  most 
cases,  this  assessment  focuses  on  the  crack  origin,  with  special  attention  to  discrepant 
manufacturing  and  production  conditions.  Principal  techniques  at  this  level  of  assess¬ 
ment,  likely  to  be  of  value,  include  individual-ply,  point,  and  average-failure  criteria, 
laminate  strength  criteria,  and  the  Damaged  Zone  Model. 

The  individual-ply  failure  criterion  examines  stresses  at  the  individual  ply  level  and  estab¬ 
lishes  the  onset  of  first-ply  failure.  The  chief  benefit  of  this  analysis  method  to  failed 
structures  is  its  ability  to  predict  the  point  of  initial  failure  on  a  microscale.  This  ability 
is  particularly  significant  since  most  initial  design  analyses  consider  stresses  on  a  gross- 
average  basis.  However,  even  though  there  is  potential  value  in  this  methodology,  some 
drawbacks  exist.  The  most  significant  of  these  is  that  to  examine  edge-effect  stresses  of 
individual-ply  failure  criterion  requires  a  knowledge  of  plan  view  stress  distributions  (sur¬ 
face  stress  flow)  and  detailed  finite-element  grids.  For  organizations  with  experts  in 
stress  analysis,  neither  of  these  factors  is  a  limitation.  More  significantly,  however,  the 
individual-ply  failure  criterion  predicts  failure  initiation,  not  catastrophic  failure.  It  also 
exhibits  significant  inaccuracies  when  applied  to  predicting  strengths  of  multidirectional 
laminates.  Consequently,  failure  onset  cannot  be  meaningfully  determined  based  on  the 
individual-ply  failure  criterion.  As  a  result,  prediction  of  the  stress  required  for 
catastrophic  failure  is  more  likely  to  be  calculated  by  gross  area  stress  calculations  with 
fine,  finite-element  grid  structures  placed  in  the  area  of  failure  origin. 


ANAL. 

TASK 

METHOD 

DESCRIPTION 

AUTHORS 
(ref.  number) 

COMMENTS 

Assess¬ 
ment  of 
as-fabri¬ 
cated 
strength 

Laminate 
theory  and 
first  ply 
failure 
criteria 

Laminate  theory  is  used 
to  Identify  two-dimension 
stresses;  one  of  several 
failure  criteria  are  applied 
to  define  occurrence  of 
first  ply  failure 

•  Chamls  (22) 

•  Craddock  (64) 

•  McLaughlin  (65) 

•  Tsai  (11) 

•  Jones  (15) 

•  Valuable  for  simple  prediction  of  ply 
failure 

•  Laminate  theory  requires  knowledge  of 
local  stresses 

•  Laminate  theory  cannot  handle  edge 
effects/complex  geometries 

•  Predicted  failure  stresses  vary  widely 
with  criterion  used 

•  Failure  criterion  not  accurate 

•  Does  not  predict  catastrophic  failure 

Finite 
element 
analysis 
and  first 
ply  failure 
criteria 

Finite  element  analysis  is 
used  to  define  stresses  in 
three  dimensions  for  edge 
effects/envlronments/bolted 
joint  configurations;  one  of 
several  criteria  are  applied 
to  define  occurrence  of 
first  ply  failure 

•  Crossman  (20) 

•  Herakovich  (21 ) 

•  Wu  (66) 

•  Valuable  for  simple  prediction  of  ply 
failure 

•  Finite  element  techniques  can  be  used 
to  define  local  stresses 

•  Method  accounts  for  edge  effects, 
environment,  complex  geometries 

•  Predicted  failure  stresses  vary  widely 
with  criterion  used 

•  Failure  criterion  not  accurate 

•  Does  not  predict  full  failure 

Point  or 

average 

failure 

stress 

criteria. 

DZM 

A  semiempirical  method 
for  describing  the 
strength  of  open  or  filled 
holes:  failure  occurs  when 
point  or  average  stress  at 
a  characteristic  distance 
from  hole  equals  material 
strength 

•  Mikulas  (7) 

•  Wilson  (67) 

•  Daniel  (6) 

•  Aronsson  (8) 

•  Valuable  for  prediction  of  strength  with 
holes 

•  Requires  knowledge  of  characteristic 
distances  for  material 

•  Requires  knowledge  of  stress  distribution 
around  hole 

Assess- 

Point 

failure 

stress 

criterion. 

DZM 

Adapted  semiempirical 
method  from  predicting 
strength  with  holes;  failure 
occurs  when  stress  at  a 
characteristic  distance 
from  damage  radius  equals 
material  strength 

•  Mikulas  (7) 

•  Starnes  (45) 

•  Aronsson  (8) 

•  Valuable  for  predicting  residual  strength 
with  Impact  of  through-thickness  cracks 

•  Requires  knowledge  of  characteristic 
distance  for  material 

•  Requires  knowledge  of  stress  distribution 
around  hole 

•  Requires  estimation  of  initial  damage  size 
to  predict  strength 

fracture 

toughness 

Fracture  toughness  method 
commonly  used  with  metals 

■  Bathias  (29) 

•  McGarry  (30) 

•  Awerbuch  (31) 

•  Valuable  for  predicting  residual  strength 
with  through-thickness  cracks  under 
tension  loads 

•  Requires  knowledge  of  Kc  for  material 
layup 

•  Requires  estimation  of  initial  crack  size 
to  predict  strength 

ment  of 
residual 
strength 

G  strain 

energy 

release 

rate 

Predicts  onset  of 
delamlnatlon  instability 
based  on  Gic  for 
material  and  G  level 
generated  by  applied  load 

•  O' Brlen  (68) 

•  Whitcomb  (9) 

•  Rothschilds  (10) 

•  Valuable  for  predicting  delamination 
instability 

•  Requires  knowledge  of  G  for  material 
layup 

•  Requires  calculation  of  buckle  stability 
for  compression  case 

•  At  present,  can  handle  only  very  simple 
geometries 

CODSTRAN 

Integrated  computer 
program  that  Incorporates 
finite  element  model,  first 
ply  failure,  and  point  or 
average  failure  criteria; 
program  is  Iterative, 
allowing  prediction  of 
failure  sequence  and 
residual  strength 

•  Chamis  (22) 

•  Attempts  to  meld  various  techniques 
discussed  above 

•  Requires  expert  computer  programmer 

•  Requires  material  data,  as  described 
above 

•  Inaccurate  prediction  of  strength 

Figure  3-67.  Stress  Analysis  Methods 
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Other  considerations  in  estimated  gross  area  stress  are  the  point  and  the  average-failure 
stress  criteria  and  the  Damaged  Zone  Model.  As  described  in  the  works  of  Daniel  (ref.  6), 
Mikulas  (ref.  7),  or  Aronsson  (ref.  8)  on  laminate  failure  criteria,  the  stress  at  failure  can 
be  determined  for  any  hole,  given  a  characteristic  parameter  for  the  particular  material 
and  layup.  Based  on  results  reported  in  these  researchers'  works,  this  method  appears  to 
work  relatively  well,  its  only  apparent  constraints  being  that  it  requires  empirical 
measurement  of  the  characteristic  parameter  and  knowledge  of  the  plan  view  stresses  for 
the  area  of  interest.  In  actual  application,  neither  of  these  constraints  should  be 
significant;  however,  additional  concerns  that  must  be  addressed  include  the  effects  of 
environment,  absorbed  moisture,  and  resin  formulation  on  the  validity  of  a  single  value 
used  as  a  characteristic  material  property. 

Figure  3-67  depicts  the  second  major  task  involved  in  the  stress  analysis  of  a  failed  com¬ 
ponent-assessing  its  residual  strength.  Considerable  investigation  has  been  done  that  can 
be  directly  translated  to  the  analysis  of  through-thickness  flaws  such  as  cracks  emanating 
from  holes.  Either  the  Damaged  Zoned  Model  or  point-stress  failure  criterion  appear  to 
work  well  for  predicting  the  onset  of  crack  instability.  The  limit  in  applying  either  of 
these  methodologies  lies  in  the  ability  of  disciplines  such  as  fractography  to  identify  and 
define  the  size  of  original  damage.  Given  this  measurement,  establishing  the  point  of 
stress  necessary  to  cause  failure  requires  only  that  values  for  the  characteristic  param¬ 
eter  be  known.  The  literature  shows  that  these  values  have  been  measured  for  a  variety 
of  layups.  However,  these  characteristic  material  properties  may  vary  with  resin  system 
and  environment,  making  the  calculation  of  residual  strength  more  difficult. 

Methods  of  evaluating  the  criticality  of  interlaminar  defects  has  been  maturing  rapidly  in 
the  last  five  years.  To  accompany  this,  researchers  have  identified  characteristic  surface 
morphologies  for  pure  Mode  I  or  Mode  II  crack  growth.  Crack  growth  directions  under 
Mode  I  loading  can  be  determined  quite  readily  from  the  surface  micro-features.  These 
emerging  technologies  in  the  area  of  delamination  provide  the  failure  analyst  with  useful 
tools  for  determining  the  cause  of  a  structural  failure. 

In  summary,  reviewing  the  stress  analysis  literature  revealed  several  techniques  for 
assessing  the  strength  of  failed  components  either  as-fabricated,  or  with  through¬ 
thickness  damage  or  fracture.  These  techniques,  their  value  and  their  limitations  are 
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summarized  in  Figure  3-67.  Some  of  these  techniques  are  somewhat  inaccurate,  or  may 
require  measured  properties  not  readily  available;  however,  at  the  very  least,  the 
techniques  define  the  applicable  methodologies  and  their  attributes. 

B.  Stress  Analysis  Failure  Analysis  Logic  Network  (FALN) 

Defining  the  cause  of  component  failure  requires  the  accurate  understanding  of  the  loads 
and  stresses  involved  as  a  part  functions.  In  metals,  this  understanding  is  commonplace. 
Fracture  mechanic  calculations  are  usually  carried  out  during  initial  design  stages  as  well 
as  after  component  failure.  Stress  analyses  are  run  after  failure  to  review  initial  design 
stresses  in  more  detail,  to  evaluate  configurational  and  material  errors,  and  to  determine 
if  damage  (cracking)  was  incurred  in  service  or  during  maintenance.  The  logical  investi¬ 
gative  sequence  for  metals  and  composites  is  similar.  Figure  3-68  illustrates  the  detailed 
stress  analysis  FALN  based  upon  existing  metals  procedures  and  inputs  from  experts  in  the 
area  of  composite  materials  stress  analysis. 

Stress  analysis  of  a  failed  component  is  carried  out  at  three  different  levels:  initial 
design  review,  a  structural  level,  and  a  lamina  level. 

At  the  initial  design  review,  the  analyst's  objective  is  to  verify  initial  design  assumptions 
and  calculations  with  respect  to  the  available  service  history  and  the  location  of  fracture. 
This  review  establishes  what  analyses  were  performed  and  their  adequacy. 

The  next  level  of  investigation  encompasses  the  most  critical  stage.  At  the  structural 
level,  inputs  from  the  main  FALN  are  incorporated,  and  detailed  strains  and  stability  at 
fracture  origin  area  are  defined.  Since  most  components  are  designed  to  gross  average 
strain  and  stability  criteria,  the  information  from  this  analysis  usually  provides  adequate 
detail  to  understand  the  cause  of  failure.  For  the  analyst,  investigations  at  this  level  may 
involve  detailed  finite-element  modeling,  depending  upon  the  level  of  initial  analyses. 

Investigation  of  stress  at  the  lamina  level  is  unique  to  composite  materials.  Because  of 
the  highly  anisotropic  nature  of  laminated  composites,  internal  stresses  can  exist  on  a  ply- 
by-ply  level,  and  individual  ply  stresses  and  failure  predictions  can  be  handled  with  vary¬ 
ing  degrees  of  detail.  The  simplest  level  of  investigation  employs  laminate  theory  com¬ 
bined  with  relatively  simple  failure  criteria.  However,  since  individual  ply  failure  does 
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not  usually  constitute  catastrophic  fracture,  additional  iterative  analyses  are  required. 
These  analyses  can  be  performed  with  a  variety  of  computer  programs  (Figure  3-68);  how¬ 
ever,  using  such  programs  requires  a  detailed  understanding  of  the  methods  used,  their 
accuracy,  and  most  importantly,  their  limitations. 


3.4. 1.1  Relevance  to  Stress  Analysis  FALN 

Stress  analysis  as  depicted  by  the  Stress  Analysis  FALN  (see  Figure  3-69)  is  conducted  at 
one  or  more  of  the  following  levels  of  complexity  depending  on  the  type  of  damage  and 
economic  considerations:  (1)  initial  design  review,  (2)  a  structural  level  analysis,  and  (3)  a 
lamina  or  microstructural  level  analysis.  Throughout  the  investigation  the  failure  analyst 
must  communicate  with  the  stress  analyst  to  understand  how  the  structure  was  loaded  in 
the  damage  region  (for  example,  tension,  compression,  shear,  flexure). 

During  the  initial  design  review,  the  stress  analyst's  objective  is  to  verify  initial  design 
assumptions  and  calculations  with  respect  to  the  available  loading  history,  the  location  of 
fracture,  and  environmental  conditions.  This  review  establishes  what  analyses  were  per¬ 
formed  during  original  design  and  evaluates  their  adequacy. 

The  next  level  of  investigation  encompasses  the  most  critical  analysis.  At  the  structural 
level  the  analyst's  understanding  of  the  loads  and  stresses  derived  from  the  initial  design 
review  will  help  evaluate  the  significance  of  inputs  or  anomalies  from  the  main  FALN  (for 
example,  load  types  or  errors  in  number  of  plies  or  ply  orientation).  It  may  be  determined 
that  these  defects  significantly  affect  the  stresses  or  strengths  in  the  damaged  region.  In 
this  case,  parts  of  the  initial  stress  analysis  would  be  repeated  to  assess  the  impact  of  the 
anomalies  at  the  origin  of  failure.  At  the  structural  level,  the  stress  analyst  employs 
finite  elements  and  analytical  models  to  compare  the  gross  average  strain  to  strength 
critical  strain  and  stability  conditions.  This  information,  incorporating  the  effect  of 
anomalies,  usually  provides  adequate  detail  to  understand  the  cause  of  failure.  Redesigns 
at  this  level  of  analysis  would  be  focused  towards  reducing  gross  average  design  strain  to 
account  for  anomalies  discovered  during  the  initial  design  review. 


If  the  cause  of  failure  has  not  been  adequately  explained  in  terms  of  gross  average  strains,  J 

stress  analysis  at  the  microstructural  or  lamina  level  is  required.  This  is  often  the  case  I 
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FEATURES 

USER  MANUAL 

COMPUTER 

APPLICATION 

AC  50 

Inplane  laminate 
allowable  stress 

Rockwell 

TFO-75-1  ISO 

Nov  1*75 

C  DC  6600 

Advanced  composite  analysis 

NAS  THAN 

•  Finite  element 
analysis 

•  Resize  for 
minimum  weight 

NASA 

SP-222  (01) 

1972 

Analysis  and  resizing  of  complex  structures 

BOP 

(Buckling  of 
panels) 

Combined 
compression  and 
shear  of  stiffened, 
variable-thickness  flat 
rectangular 
orthotropic  panels  on 
discrete  springs 

NASA  TND- 7996 

Oct  1975 

CDC  6600 

Graphite-epoxy  composite  panels 

SOS 

Point  stress  analysis  of 
laminated  composites 
for: 

e  Inpiane  loads 

•  Moments 

•  Temperature 

•  Transverse  shear 

AFFDLtech  memo 
FBC-74-107  July 

1974 

CDC  6600 

Advanced  composite  analysis 

STAGS 

Stress  analysis  and 
panel  stability 
evaluations 

Lockheed 

document. 

Structural 

Analysis  of 

General  Shells, 
Volume  3.  Dec 

1975 

CDC  6600 

Plotting  of  buckling  mode  shapes 

VIPASA 

(Vibration 

and 

instability  of 
plate  assem¬ 
blies 

including 
shear  and 
anisotrophy) 

Natural  frequencies  of 
loaded  structures 

•  Critical  buckling 
loads 

e  Thin,  flat 

rectangular  plates 

•  Thermal  stress 

COSMIC  file 

ISCL 

Doc  ID  00 

17437  Jan  1973 
NASA  TMX-73914 
May  1976 

CDC 6600 

Compression  loaded  stiffened  graphite-epoxy 
panels 

when  failure  may  have  initiated  at  a  design  detail  such  as  a  hole,  edge,  or  other  stress 
concentrator.  At  the  lamina  level,  highly  refined  finite  element  meshes  in  the  region  of 
failure  initiation  are  employed  to  determine  detailed  three-dimensional  strain  distribu¬ 
tions.  Loads  or  displacements  applied  to  the  finite  element  meshes  are  derived  from  the 
stress  analysis  at  the  structural  level.  This  detailed  type  of  analysis,  although  not  often 
done  during  the  initial  design,  provides  information  needed  to  evaluate  interlaminar 
normal  and  shear  stress  concentrations  at  free  edges.  Fracture  mechanics,  coupled  with 
finite  element  analysis,  have  been  successful  at  predicting  the  onset  of  interlaminar  crack 
growth  (see  ref.  9  and  ref.10).  Redesigns,  resulting  from  lamina  level  studies,  may  be 
required  to  eliminate  or  reduce  the  effect  of  design  details  that  cause  stress  concentra¬ 
tions. 

The  thermoelastic  properties  of  the  anisotropic,  or  more  specifically,  orthotropic  plies  or 
lamina  can  be  predicted  from  the  properties  of  the  fiber  and  matrix  constituents  with 
micromechanics.  Lamination  theory  is  then  employed  to  calculate  the  thermoelastic 
properties  of  a  group  of  lamina  bonded  together  into  a  laminate.  References  (11  through 
14)  provide  lucid  descriptions  of  the  limitations  and  value  of  lamination  theory.  Stress 
analysis  of  fiber  reinforced  polymers  is  quite  different  than  that  of  metals  for  the  follow¬ 
ing  reasons: 

•  Lamina  stiffness  in  the  fiber  direction  is  typically  greater  than  10  times  the  stiff¬ 
ness  transverse  to  the  fibers. 

•  Lamina  strength  in  the  fiber  direction  is  generally  greater  than  30  times  the 
strength  transverse  to  the  fibers. 

•  The  differences  in  the  stiffness  coefficients  between  plies  within  a  laminate  causes 
interlaminar  stresses. 

•  The  differences  in  the  hygrothermal  expansion  coefficients  between  fiber  and 
matrix  within  a  ply  and  between  plies  within  a  laminate  may  lead  to  significant 
residual  stresses  due  to  changes  in  temperature  or  moisture  content. 
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Lamination  theory  can  be  used  to  determine  the  strains  and  stresses  in  a  composite  struc¬ 
ture  without  considering  interlaminar  stresses.  Finite  element,  finite  difference  and 
analytical  methods  beyond  the  scope  of  this  text  have  been  used  to  evaluate  interlaminar 
stresses.  However,  the  failure  analyst  must  recognize  that  these  stresses  exist  in  compos¬ 
ite  structures  and  that  the  resistance  to  interlaminar  crack  growth  is  hundreds  of  times 
less  than  the  resistance  to  transply  crack  growth.  This  result  is  expected  since  the  frac¬ 
ture  of  fibers  requires  far  greater  energy  than  that  needed  to  propagate  an  interlaminar 
crack  in  which  matrix  fracture  dominates. 

3.4.1.2  Overview  of  Topics 

The  following  paragraphs  provide  the  failure  analyst  with  an  overview  of  the  techniques 
used  to  determine  the  stresses  in  laminated  composites.  These  tools  vary  widely  in  their 
ease  of  application  and  accuracy  of  results.  In  addition,  it  is  intended  to  familiarize  the 
reader  with  design  details,  manufacturing  and  processing  defects,  and  other  considerations 
which  must  be  applied  to  composite  failure  analysis. 

Paragraph  3.4. 1.3  deals  with  predicting  the  strength  of  unnotched  multi-directional  lami¬ 
nates  with  and  without  edge  effects.  Criteria  for  predicting  failure  of  an  individual  ply 
are  discussed  and  then  applied  to  predicting  laminate  strength.  Paragraph  3.4.2  addresses 
the  influence  of  ply  thickness  and  orientation  on  transverse  cracking  and  delamination. 
Paragraph  3.4.3  describes  some  of  the  approaches  for  predicting  reductions  in  strength 
cause  1  by  inplane  stress  concentrators  such  as  cutouts  and  notches  are  described.  Other 
strength  reductions  incorporated  into  design  such  as  environmental  effects  and  impact 
damage  are  also  discussed.  Semi-empirical  fracture  mechanics  and  stress  based 
approaches  are  discussed  with  respect  to  their  ease  of  use  and  generality  of  application. 
Paragraph  3.4.4  discusses,  in  more  detail,  design  details  causing  interlaminar  stress  con¬ 
centrations  (unique  to  composites),  such  as  holes  and  free  edges.  This  is  important 
because  interlaminar  stresses  cause  delamination  to  grow  under  fatigue  or  static  loading 
leading  to  significant  reductions  in  compressive  strength.  Paragraph  3.4.5  is  designed  to 
familiarize  the  reader  with  some  of  the  extrinsic  factors  (for  example,  manufacturing 
defects)  which  may  reduce  the  strength  of  laminated  composites.  The  stress  analyst 
would  then  evaluate  the  significance  of  these  factors  or  anomalies  with  respect  to  the 
cause  of  failure. 


3.4.1.3  Analytical  Prediction  of  Strength  (Of  Unnotched  Multidirectional  Laminates) 


Methods  for  predicting  the  strength  of  laminates  composed  of  plies  at  various  angles  are 
needed  to  allow  designers  to  orient  the  fibers  in  the  load  bearing  and  stiffness  critical 
directions.  The  methods  are  semi-empirical  in  that  they  rely  on  measured  strengths  in  the 
principal  material  directions  for  calibration.  The  theories  are  focused  toward  the 
strength  of  an  orthotropic  laminate  under  in-plane  loading.  Laminate  level  analysis  is 
always  based  on  ply  level  analysis.  This  is  fundamental  to  the  concept  of  lamination 
theory. 

3.4. 1.4  Individual  Ply  Failure  Criteria 

At  this  level  of  analysis  the  failure  of  an  individual  ply  is  predicted  in  terms  of  the 
strengths  in  the  principal  material  directions  and  an  appropriate  failure  criterion.  The 
overview  presented  here  is  drawn  from  the  excellent  discussions  given  in  references  11, 

12,  and  15. 

Maximum  Stress  and  Maximum  Strain  Theories-The  maximum  stress  theory  states  that 
fracture  occurs  when  the  stress  in  any  of  the  principal  laminate  orientations  exceeds  its 
respective  strength.  This  criterion  defines  a  failure  envelope  described  by  the  following 
equations: 


oj<Xt  for  opO  and 

1  o 1 1  < Xc  for  opO 

(eq.  6) 

and 

02<Yt  for  O2>0  and 

1  02  1  <YC  for  O2<0 

(eq.  7) 

and 

°  1 2  <S 

(eq.  8) 

stress  along  the  fiber  direction 
stress  transverse  to  fiber  direction 
in-plane  shear  stress 

tension  and  compression  strength  along  the  fiber  direction 


where: 

°1  = 
°2  = 

°12  = 
xt,xc  = 
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Y*,  Yc  =  tension  and  compression  strength  transverse  to  the  fiber 
direction 

S  =  in-plane  shear  strength 

For  in-plane  loading  of  an  off-axis  ply,  the  principal  stresses  can  be  calculated  by  the 
transformation  equations  below  and  then  substituted  into  the  failure  criteria  in  the  previ¬ 
ous  equations. 

oi=M2ox+n2Oy+2mnaXy  (eq.  9) 

02=N2ax+M2ay-2mnajCy  (eq.  10) 

o12=-MNox+mnoy+(m2-n2)oxy  (eq.  n) 


where: 


m  =  cos 


n  =  sin 

An  analogous  failure  criterion  in  terms  of  strains  (see  ref.  11)  generates  strength  predic¬ 
tions  in  close  agreement  with  the  maximum  stress  theory.  Figure  3-70  illustrates  data 
taken  by  Tsai  (ref.  16)  that  shows  there  are  significant  discrepancies  between  theoretical 
strength  predictions  based  on  the  maximum  stress  failure  criteria  and  experimental  data 
for  glass/epoxy.  This  is  expected  since  interactions  between  stress  components  are  not 
accounted  for. 
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Figure  3  70  Max. mum  St'ess  Failure  Theory 
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Tsai-Hill  Theory— A  strength  criterion  based  on  von  Mises'  isotropic  yield  criterion  was 
proposed  by  Hill  (ref.  17)  for  anisotropic  materials.  For  biaxial  loading  and  plane  stress 
conditions,  lamina  failure  would  occur  when, 

2  2 
0  0  0  o  o 

1  _1 2  +  2  ^  12  _  i  (eq.  12) 

X  (X)2  Y  S 

where: 

X  =  X*  when  oi  is  positive 
X  =  Xc  when  oi  is  negative 

Y  =  Y*  when  02  is  positive 

Y  =  Yc  when  02  is  negative 

X*,  Xc  =  tension  and  compression  strength  along  the  fiber  direction 

Y*,  Yc  =  tension  and  compression  strength  transverse  to  the  fiber  direction 

S  =  in-plane  shear  strength. 

The  Tsai-Hill  strength  criterion  for  uniaxial  loading  of  an  off-axis  ply  is  developed  by 
substituting  equations  (9),  (10,  and  (11),  into  equation  (12).  The  resulting  criterion  shown 
below  provides  an  excellent  fit  to  the  experimental  data  for  glass/epoxy  (ref.  16)  as  shown 
in  Figure  3—71. 

m4  (  m2n2  t  n4  |  m2n2  _  _1 _  (eq.  13) 

(X)2  (X)2  (Y)2  S2  (ox)2 


Figure  3-71.  Tsai-Hill  Theory 
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It  should  be  noted  that  the  Tsai-Hill  criterion  provides  for  interactions  between  stresses 
and  yields  a  smooth  curve  when  compared  to  the  maximum  stress  or  strain  criteria.  How¬ 
ever,  von  Mises  isotropic  yield  criterion  and  hence  the  Tsai-Hill  theory  is  related  to 
distortional  energy  as  opposed  to  dilatational  (volume  change)  energy.  The  disadvantage 
to  Tsai-Hill's  criterion  is  that  biaxial  loading  of  orthotropic  materials  always  causes 
distortional  and  dilatational  energy.  Hence  failure  may  not  be  directly  related  to  distor¬ 
tional  energy  as  it  was  for  isotropic  materials.  A  more  general  strength  criterion  includ¬ 
ing  additional  interaction  terms  is  discussed  in  the  next  paragraph. 

Tsai-Wu  Quadratic  Interaction  Failure  Criterion— The  Tsai-Wu  strength  criterion  reduces 
to  the  equation  below  for  inplane  loading  of  a  thin  (plane  stress  conditions)  orthotropic 
ply. 


Fll0l2+F22a22+F66062+2F12al02+Fl°l+F202+F606=1 


(eq.  14) 


where  X*,  Xc,  Y*,  Yc,  and  S  have  the  same  meanings  as  denoted  previously. 

Fj2>  which  represents  the  interaction  between  normal  stresses,  must  be  determined  by 
performing  a  biaxial  stress  test.  Since  this  test  is  relatively  complicated,  it  has  been 
recommended  in  references  11  and  12  to  use: 


f12  =  Fxy<Fll  f22>* 


where: 


(eq.  15) 


Fxy  =  -0*5 
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It  should  also  be  emphasized  that  for  uniaxial  loading  of  a  unidirectional  lamina  the  fail¬ 
ure  strength  is  insensitive  to  values  of  F12  within  the  stability  limits  in  the  following 
equation. 

~(F  1 1  F2)*  <  F 12  <  (Fn  F22)*  (eq.  16) 

This  insensitivity  is  demonstrated  in  Figure  3-72  where  predicted  strengths  are  in  excel¬ 
lent  agreement  with  experimental  data  for  boron/epoxy  (ref.  18).  Figure  3-72  also  dem¬ 
onstrates  that  for  uniaxial  loading  there  is  little  difference  between  the  Tsai-Hill  and 
Tsai-Wu  criteria.  Although  the  Tsai-Wu  strength  theory  is  more  complicated,  the  well 
founded  mathematical  operations  of  tensor  theory  can  be  used  to  transform  the  strength 
parameters  in  these  equations.  This  is  important  since  it  leads  to  straight  forward 
computer  implementation.  References  11  and  12  provide  invaluable  discussions  and 
examples  on  the  Tsai-Wu  strength  theories  in  terms  of  stress  and  an  analogous  strain 
criteria. 


H 

Figure  3  72  Tsai  Wu  Tensor  Theory 


Lamina  level  strength  theories  presented  in  these  paragraphs  differ  primarily  in  the  num¬ 
ber  of  empirically  determined  coefficients  used  in  the  curve  fitting  equations.  The  rela¬ 
tively  simple  maximum  stress  or  strain  criteria  indicate  the  failure  mode  while  the  others 
do  not.  However,  the  Tsai-Hill  and  Tsai-Wu  strength  criteria  are  recognized  as  useful 
design  tools.  Predicting  strength  using  the  strain  based  analogies  of  the  theories  pre¬ 
sented  here  is  a  generally  accepted  practice  in  the  aircraft  industry.  This  results  from 
the  fact  that  design  allowables  are  given  in  terms  of  strain.  The  lamina  strength  theories 
in  this  paragraph  will  be  applied  to  predicting  laminate  strength  in  the  next  paragraph. 

3.4.1. 5  Laminate  Level  Strength  Criteria 

First  Ply  Failure— At  some  point  during  loading  of  a  multidirectional  laminate,  the  ply  or 
group  of  plies  with  the  lowest  strength  will  start  accumulating  damage.  This  event,  often 
described  as  first  ply  failure,  can  be  predicted  using  the  lamina  level  theories  presented  in 
paragraph  3.4.  Figure  3-73  shows  a  comparison  between  predicted  strengths  for  plies  in  a 
uniaxially  loaded  multidirectional  graphite/epoxy  laminate  based  on  the  quadratic 
interaction  criterion  (ref.  19).  It  is  seen  that  first  ply  failure  (that  is,  the  90  degree  plies) 
occurs  at  a  lower  load  level  than  catastrophic  laminate  failure.  This  is  expected,  since 
load  shedding  from  the  damaged  90  degree  plies  to  the  rest  of  the  plies  continues  until  the 
laminate  cannot  carry  additional  load.  In  this  case,  a  more  accurate,  but  nonconservative, 
prediction  of  the  strength  would  be  based  on  the  strength  of  the  0-degree  plies  as  shown  in 
Figure  3~73.  The  first  ply  failure  envelope  for  a  multidirectional  laminate  is  the  intersec¬ 
tion  of  the  failure  envelopes  for  each  ply  angle  in  the  laminate.  This  is  shown  schemati¬ 
cally  in  Figure  3-74  based  on  the  quadratic  interaction  criterion  and  ply  strength  data 
from  (ref.  11). 

Ply  Discount  Methods— First  piy  failure  is  quite  conservative  because  the  initial  damage  in 
a  multidirectional  laminate  is  cracks  running  parallel  to  the  fibers.  These  cracks  are 
modeled  by  reducing  the  matrix  modulus  of  the  cracked  ply  group.  Micromechanics  (refs. 
11  and  12)  can  then  be  used  to  calculate  the  reduced  transverse  and  shear  modulus  of  the 
plies.  In  the  next  step,  lamination  theory  is  employed  to  predict  the  redistribution  of 
loads  within  the  laminate.  Loads  are  then  reapplied  incrementally  until  compressive  or 
tensile  fiber  failure  occurs.  Since  the  fibers  carry  most  of  the  load,  this  point  often 
corresponds  to  the  peak  load  or  strength  of  the  laminate.  Ply  discount  methods  incorpo- 
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Figure  3-73.  Comparison  of  Calculated  Inplane  Tensile  Strength  With  Experiment 
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Figure  3-74.  Quadratic  Interaction  First  Ply  Failure  Envelope  for  T 30015208 
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rating  the  effect  of  hygrothermal  stresses  are  being  used  with  limited  success  by 
designers. 

It  should  be  noted  that  these  methods  are  based  on  lamination  theory  which  does  not 
account  for  the  interlaminar  stress  concentrations  at  the  free  edges.  Transverse  cracks 
also  cause  interlaminar  stress  concentrations  which  may  lead  to  delamination  and  signifi¬ 
cant  reductions  in  laminate  strength.  Two  or  three  dimensional  finite  element  modeling, 
discussed  in  the  next  paragraph,  is  one  of  the  methods  employed  to  investigate  these 
micro-structural  failure  modes. 

Finite  Element  Modeling— Incorporating  the  effects  of  free  edge  interlaminar  stress  con¬ 
centrations  with  environmental  and  cure  stress  considerations  represents  the  next  level  of 
complexity  in  predicting  failure  onset  using  individual-ply  failure  criteria.  For  the  failure 
analyst,  these  works  are  useful  in  that  they  embody  considerations  likely  to  be  necessary 
with  real-world  structures.  Both  Crossman  and  Herakovich  (refs.  20  and  21,  respectively) 
observed  that  significant  variations  in  stresses  and  strains  can  occur  at  the  free  edge  of 
specimens.  Both  authors  show  the  magnitude  of  these  stresses  for  relatively  simple  layups 
and  specimen  geometries.  Generally,  the  most  significant  stresses  are  those  developed 
near  the  specimen's  free  edge.  In  analyzing  these  stresses,  both  authors  employed  two- 
dimensional  finite-element  grids  arranged  along  the  specimen  cross-section.  Using  these 
grids  illustrates  the  degree  of  complexity  involved  in  determining  the  interlaminar 
stresses  (or  strains)  in  microscale  with  such  design  details.  As  noted  by  Crossman,  partic¬ 
ularly  large  gradients  can  occur  in  both  Z  and  Y  directions  near  the  free  edge  (Figure 
3~75).  Regarding  the  application  of  individual-ply  failure  criteria,  the  large  increase  in 
oz,  ox,  and  txz  stresses  near  the  edge  of  the  specimen  are  particularly  significant,  since 
laminate  theory  methods  would  have  ignored  these  increases. 

Furthermore,  Crossman  and  Herakovich  predicted  that  stresses  would  be  further 
influenced  by  internal  cure  stress,  test  temperature,  and  conditions  of  moisture  absorption 
or  desorption  (Figure  3-76).  In  Herakovich's  work,  the  relationship  of  these  stresses  to 
failure  prediction  were  considered.  Since  his  finite-element  model  examined  stresses 
along  three  dimensions,  it  was  necessary  to  develop  a  full  three-dimensional  failure 
criterion.  Herakovich  used  the  tensor  polynomial  criteria  advanced  by  Tsai-Wu,  in  which 
strength  tensors  are  given  in  terms  of  material  principal  strengths.  As  illustrated  in 
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Figure  3-77,  Herakovich  predicted  that  the  onset  of  failure  depends  quite  strongly  on  edge 
stresses,  particularly  for  small  (+©)  laminate  angles.  While  not  verified  against  actual 
test  data,  these  results,  when  considered  with  Crossman's,  clearly  indicate  that  both  edge 
and  environmental  stress  effects  must  be  carefully  evaluated  in  predicting  the  onset  of 
failure  for  whichever  individual-ply  criteria  are  employed. 

Perhaps  the  farthest  advancement  of  first-ply  failure  criteria  as  a  method  of  prediction 
has  been  made  by  Chamis  (ref.  22).  In  attempting  to  predict  the  defect  growth  and 
damage  of  composite  materials  subjected  to  load,  Chamis  developed  an  integrated 
computer  program  called  CODSTDRAN.  Within  this  program,  a  detailed  finite-element 
grid  is  constructed  and  evaluated  for  failure  using  both  individual  first-ply  failure  criteria 
and  laminate-level  fracture  criteria.  In  the  case  of  individual-ply  failures,  Chamis' 
program  incorporates  both  general  quadratic  and  modified  distortional  energy  (Von  Mises') 
criteria  to  predict  the  occurrence  of  failure  for  each  element  of  the  overall  finite- 
element  model.  What  is  unique  about  Chamis'  work,  however,  is  that  failed-ply  elements 
are  eliminated,  and  the  analysis  process  is  reiterated.  As  a  result,  CODSTRAN  describes 
the  sequence  of  events  leading  to  failure,  and  an  approximate  prediction  of  the  load  at 
failure. 

3.4.1.6  Summary  -  Unnotched  Laminate  Strength 

The  failure  modes  of  composites  are  far  more  complex  than  those  discussed  in  these  para¬ 
graphs.  At  the  ply-level,  Tsai-Wu's  quadractic  interaction  failure  criterion  seems  to  pro¬ 
vide  sufficiently  accurate  results  for  unidirectional  laminate  strength  under  biaxial 
loading.  Prediction  of  multidirectional  laminate  strength  is  quite  complex  since  free-edge 
interlaminar  stress  concentrations  and  hygrothermal  stresses  must  be  considered.  Finite 
elements  and  interactive  ply  discount  methods  have  been  used  with  limited  success. 

It  can  be  seen  from  the  discussions  above  that  computers  play  an  important  role  in  the 
stress  analysis  of  composites.  Lamination  theory  predictions  of  stiffness  and  the  laminate 
strength  theories  discussed  here  have  been  implemented  on  micro-computers  (that  is,  ref. 
12  and  23). 
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The  methods  presented  in  the  following  paragraphs  can  provide  criteria  for  selecting  the 
laminate  geometry  providing  optimium  strength  in  the  load  bearing  directions.  However, 
predictions  of  laminate  strength,  at  this  time,  are  not  quantitatively  accurate.  Thus,  the 
designer  must  rely  on  coupon  or  full  scale  tests  to  determine  the  actual  strength  for  a 
particular  laminate  geometry.  This  requires  large  and  expensive  databases  to  design 
structural  composite  parts.  If  needed,  the  failure  analyst  should  consult  designers  or 
stress  analysts  to  find  out  what  methods  were  used  to  establish  the  allowables.  The  over¬ 
view  presented  in  paragraph  3.4  is  intended  to  familiarize  the  reader  with  some  of  the 
considerations,  many  of  which  are  unique  to  composites,  that  must  be  applied  to  predict¬ 
ing  laminated  composite  strength. 

3.4.2  Influence  of  Ply  Thickness  on  Transverse  Cracking 

In  the  previous  paragraph,  it  was  noted  that  transverse  cracking  and  free-edge  delamina¬ 
tion  reduce  laminate  strength.  In  this  paragraph,  the  influence  of  ply  thickness  and 
orientation  on  these  micro-structural  failure  modes  is  discussed.  It  is  intended  to  provide 
the  reader  with  an  introduction  to  micro-structural  failure  features  unique  to  laminated 
composites. 

In  the  previous  paragraphs,  the  strain  required  to  cause  cracks  parallel  to  the  fibers 
(transverse  matrix  cracking)  was  assumed  equal  to  the  transverse  failure  strain  of  a  90 
degree  ply.  However,  it  has  been  shown  by  numerous  researchers  (refs.  24  to  28)  that  the 
strain  to  cracking  of  an  off-axis  ply  group  depends  upon  its  thickness.  Flaggs  and  Kural 
(ref.  24)  have  clearly  demonstrated  that  the  in-situ  strain  to  cracking  decreases  as  the 
thickness  of  an  off-axis  ply  group  (30,  60  or  90  degree)  increases  (see  Figure  3~78).  The 
fact  that  the  in-situ  strength  of  a  90-degree  ply  is  greater  than  that  of  a  laminate  com¬ 
posed  only  of  90  degree  plies  has  been  attributed  to  the  constraint  provided  by  the  stiffer 
surrounding  ply  groups.  Flaggs  (ref.  28)  used  a  fracture  mechanics  approach  combined 
with  2-D  shear  lag  analysis  to  successfully  model  the  in-situ  strain  to  cracking  as  shown  in 
Figure  3-78.  This  model  has  also  been  applied  successfully  to  predicting  in-situ  cracking 
of  30  and  60  degree  ply  groups  (ref.  28). 

With  this  type  of  analysis,  the  first  ply  failure  predictions  of  laminate  strength  could  be 
mad**  more  accurate.  To  accomplish  this,  Flaggs'  model  would  be  used  to  predict  the  in- 


situ  strain  to  cracking  of  the  off-axis  ply  groups  in  a  multidirectional  laminate.  Then 
these  strains  would  be  used  as  the  strain  to  failure  transverse  to  the  fibers  in  the  lamina 
level  failure  models.  This  represents  an  effort  to  integrate  the  prediction  of  micro- 
structural  failure  with  gross  laminate  failure  features. 

3.4.3  Strength  Reductions  Incorporated  Into  Design 

The  methods  of  paragraph  3.4  are  commonly  used  to  predict  the  strength  of  an  unnotched 
laminate  (that  is,  without  in-plane  stress  concentrations).  However,  composite  structural 
components  may  contain  cutouts,  fastener  holes,  or  impact  damage  which  reduce  the  in¬ 
plane  strength  below  that  of  the  virgin  laminate.  These  laminates  must  be  designed 
"a  priori”  such  that  the  residual  strength  will  be  greater  by  some  safety  factor  than  the 
operating  stresses.  Some  of  the  more  popular  approaches  applied  to  predicting  residual 
strength  are  reviewed  in  the  following  paragraphs. 

Most  of  the  analytic  techniques  for  predicting  residual  strength  employ  semi-empirical 
approaches  similar  to  the  fracture  toughness  methods  commonly  used  with  metal 
structures.  These  methods  typically  involve  the  experimental  determination  of  an 
intrinsic  material  property  related  to  crack  growth-such  as  material  fracture  toughness. 
This  value,  when  considered  with  the  size  and  geometry  of  the  flaw,  allows  the  stress  at 
the  fracture  to  be  calculated. 

The  anisotropy  of  composites  complicates  the  analyses  considerably.  Critical  stress 
intensity  factors  used  in  metals  analysis  are  independent  of  the  direction  of  crack  growth. 
However,  the  translaminar  toughness  of  composites  may  be  hundreds  of  times  greater 
than  the  interlaminar  toughness.  This  is  expected  since  breaking  fibers  is  a  much  higher 
energy  fracture  mode  than  matrix  cracking.  Often,  the  interaction  of  these  two  failure 
modes  occurs  as  in  impact  damage.  In  this  case  the  assessment  of  residual  strength 
becomes  so  complicated  that  the  designer  must  rely  on  empirical  data.  However,  when 
the  translaminar  and  interlaminar  modes  are  acting  independently,  the  rapidly  maturing 
fracture  mechanics  approach  for  composites  are  being  used  successfully. 

Notched  Laminate  Strength— The  easiest-to-understand  methodologies  for  determining 
laminate  failure  are  those  adapted  directly  from  metals  fracture  toughness  analyses. 


These  analyses  predict  the  onset  of  component  fracture  through  the  experimental 
determination  of  a  characteristic  Kc  fracture  toughness  value.  In  these  cases,  Kc 
indicates  the  stress  intensity  factor  at  which  fracture  occurs,  based  on  the  initial  crack 
length  and  maximum  load  at  failure.  (For  reference,  this  value  is  often  referred  to  as 
^apparent  *n  metals  fracture  toughness.)  In  works  by  Bathias  (ref.  29),  McGarry  (ref.  30), 
and  Awerbuch  (ref.  31),  Kc  values  have  been  determined  for  a  variety  of  layups.  In 
measuring  values,  these  researchers  used  specimens  adapted  directly  from  traditional 
metals  toughness  testing,  such  as  compact  tension  coupons  or  large  center-crack  tension 
panels.  In  Bathias'  work,  Kc  values  were  measured  for  a  variety  of  layups.  As  illustrated 
in  Figure  3-79,  values  ranging  from  16  to  43  MPa  times  the  square  root  of  m  were 
measured,  and  demonstrated  a  clear  dependence  on  the  ply  stacking  sequence  and 
orientations  examined.  (For  7075-T7351  aluminum,  Kc  typically  equals  80  to  90  MPa 
times  the  square  root  of  m.)  Each  author  suggests  that  knowledge  of  this  material 
property  for  a  layup  can  be  used  to  estimate  the  stress  at  fracture  instability  for  a  given 
crack  and  component  geometry. 

This  point  of  instability  can  be  defined  by  using  the  equation: 

Kc  =  Yoc  times  the  square  root  of  ita  (eq.  17) 

where: 

Y  =  geometric  factor  related  to  the  crack  length  and  location  within  compo¬ 

nent  being  examined 
oc  =  stress  at  instability 

a  =  full  crack  length 

Kc  =  material  fracture  toughness 


(Ref.  29) 


Figure  3-79.  Fracture  Toughness  of  Various  Orientat'ons 
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A  more  detailed  review  of  this  technology  can  be  found  in  any  of  several  texts  dealing 
with  the  fracture  behavior  of  metals. 

Numerous  researchers  have  also  attempted  to  predict  the  criticality  of  holes,  cracks,  and 
damage  by  empirically  measuring  other  characteristic  fracture  properties,  in  much  the 
same  way  as  is  done  with  fracture  toughness  (refs.  6  to  8  and  32  to  43).  Two  of  the  signif¬ 
icant  efforts  include  failure  criteria  which  assume  failure  occurs  when  the  stress  at  some 
distance  away  from  the  flaw  reaches  the  ultimate  material  strength.  These  two  are  the 
average  stress,  and  the  point  stress  failure  criteria  models  presented  by  Whitney  and 
Nuismer  (refs.  35,  36).  As  described  in  Daniel's  paper  (ref.  6),  the  average  stress  failure 
criterion  proposes  that  failure  occurs  when  the  average  stress  over  a  characteristic  mate¬ 
rial  dimension  (aQ)  equals  the  material  strength.  This  criterion  is  illustrated  in  Figure 
3-80,  where  aQ  represents  the  length  dimension  of  a  particular  layup  and  material.  Simi¬ 
larly,  the  point-stress  failure  criterion  presented  by  Mikulas  (ref.  7)  predicts  that  panel 
failure  occurs  when  the  axial  stress  at  some  distance  (dQ)  from  the  hole  boundary  equals 
the  strength  of  the  unnotched  laminate  as  shown  in  Figure  3~81.  Daniel,  Mikulas,  and 


CTy  =  go 


a0  =  characteristic  length  dimension,  — 0.38  cm  (~0.15  In) 

Syy  ,  S0  =  strengths  of  notched  and  unnotched  laminates,  respectively 


x  =  a  S. 


(1  +  e2)  (2  +  e2 


(Ref.  6.  Reprinted  with  permission  from  B.  R.  Noton  et  al.,  "ICCM  II,"  The  Metallurgical 
■  ■  i  Society,  420  Commonwealth  Drive,  Warrendale,  Pennsylvania  15086.) 

Figure  3-80.  Strength  Reduction  of  Uniaxially  Loaded  Plate  With  Circular  Hole  According  to 
Average  Stress  Criterion 
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d0  =  characteristic  length  dimension 
Syy  .  S0  =  strengths  of  notched  and  unnotched  laminates,  respectively 
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Figure  3-8 1 .  Strength  Reduction  of  Uniaxially  Loaded  Hole  According  to  Point  Failure  Stress 
Criteria 
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other  investigators  measured  both  a0  and  dQ  for  a  variety  of  layups  and  found  a  relatively 
good  correspondence  of  predicted  and  measured  strengths  for  open  holes  (Figure  3-82). 
The  disadvantage  of  the  point  or  average  stress  criteria  is  that  they  require  different 
characteristic  lengths  for  various  notch  sizes  in  the  same  type  laminate  (ref.  37  to  40). 

The  more  general  Damaged  Zone  Model  discussed  by  Aronsson  in  (ref.  8)  requires  only 
basic  laminate  properties  (strength  and  stiffness)  and  the  apparent  fracture  energy  to 
predict  the  fracture  behavior  of  brittle  and  ductile  notched  three  point  bend  specimens. 


In  this  model,  the  damaged  (as  opposed  to  a  crack  in  metals)  zone  which  develops  in  com¬ 
posites  around  a  crack  or  hole  is  modeled  by  a  crack  with  cohesive  stresses  acting  on  its 
surfaces.  As  the  applied  load  is  increased,  the  damage  grows.  This  is  approximated  by 
reducing  the  cohesive  forces  on  the  cracked  region  in  the  model.  The  Damaged  Zone 
Model  (DZM)  and  the  Point  Stress  Criteria  (PSC)  (ref.  8)  accurately  predicts  the  failure 
load  for  brittle  and  ductile  matrix  three-point  bend  specimens.  The  real  utility  of  the 
DZM  lies  in  its  ability  to  analyze  complex  geometries.  The  PSC,  which  relies  on  exact 
calculations  of  the  stress  distribution  around  a  flaw,  is  limited  to  very  simple  flaw 
geometries  such  as  holes.  Tensile  failure  loads  have  been  predicted  by  the  DZM  to  within 
10%  of  the  experimental  values  for  laminates  with  the  hole  geometries  in  Figure  3~83 
(ref.  44).  The  DZM  should  be  a  tool  for  the  aerospace  industry  that  can  be  used  for 
predicting  the  residual  strength  of  laminates  with  cutouts. 


Strength  reduction . 


Sxx 

So 


0  5  10  15  mm 

Hole  Radius,  a 

(H»f.  6.  Reprinted  with  permlMlon  from  B.  R.  Noton  et  el..  "ICCM  II,"  The  Metallurgical  Society, 
<20  Commonwealth  Drive,  Warrendale.  Pennaylvanla  15086. ) 


Figure  3-82.  Strength  Reductions  as  a  Function  of  the  Hole  Radius  for  (0/+45/-45/90  deg) 
Graphite-Epoxy  Plates  With  Circular  Holes  Under  Uniaxial  Tensile  Loading 
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(Ref.  44) 

Figure  3-83.  Hole  Geometries  Analyzed  With 
the  Damage  Zone  Model  (DZM) 
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Of  particular  concern  to  the  failure  analyst,  however,  is  the  ability  to  predict  failure 
onset  for  flaw  conditions  such  as  through-cracks  or  impact  damage.  In  this  area,  Mikulas 
(ref.  7)  examined  the  applicability  of  the  point  stress  failure  criteria;  for  the  case  of  a 
through-crack,  stress  as  a  function  of  distance  from  the  crack  was  expressed  as: 

_ 

a°°  the  square  root  of  -  ^_a_  (eq.  18) 

where: 

x  =  xj  +  _a_ 

2 

X  =  distance  along  the  x-axis,  away  from  the  crack 

a  =  crack  length 

oOQ  =  stress  at  infinite  distance  from  crack 
Oy  =  stress 

in  the  y  direction 


As  a  result,  Mikulas  indicated  that  the  residual  strength  for  a  given  crack  of  size  a  can  be 
determined  if  X  is  set  equal  to  d0. 


With  respect  to  impact  damage,  Mikulas  reported  that  the  characteristic  length  dQ 
depends  on  the  toughness  of  the  resin  system  examined.  As  illustrated  in  Figure  3-84,  a 
relatively  good  correlation  exists  for  tough  resin  chemistries,  but  not  for  brittle,  delami¬ 
nation-prone  resin  systems.  These  observations  indicate  that  the  accuracy  of  failure  pre¬ 
dictions  will  depend  strongly  on  the  resin  system  used,  and  the  configuration  of  damage 
examined.  An  excellent  discussion  of  impact  damage  with  respect  to  failure  modes  and 
the  effects  of  resin  toughness  has  been  given  by  Starnes,  Williams,  and  Rhodes  in  refer¬ 
ences  45  to  48.  Their  studies  have  clearly  shown  that: 


1.  Tough  resins  reduce  the  size  of  the  damage  zone  caused  by  impact. 

2.  Several  graphite/epoxy  systems  with  varying  toughness  exhibited  similar  residual 
post-impact  compression  strength  for  the  same  damage  zone  size. 

3.  The  dominant  failure  mechanisms  causing  post-impact  compression  failure  are 
delamination  and  shear  crippling. 


(Ref  7) 


Figure  3-84.  Effect  of  Impact  Damage  on  the  Compressive  Strength  of  a  Quasi-Isotropic  Laminate 
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3.4.4  Introduction  to  Delamination 


While  the  works  discussed  in  paragraph  3.4  examined  the  residual  strength  of  the  lami¬ 
nates  with  translaminar  through-thickness  flaws,  other  investigators  have  considered  the 
criticality  of  interlaminar  defects.  This  paragraph  has  been  included  to  acquaint  the 
reader  with  some  of  the  significant  results  and  tests  applicable  to  assessing  the  criticality 
of  interlaminar  defects  in  composites.  Delaminations  may  grow  and  initiate  component 
failure  due  to  sudden  loss  of  stiffness  and  strength.  Fractography  can  be  used  to  detect 
delamination  and  interlaminar  crack  growth  directions,  but  the  methods  discussed  here 
can  be  employed  to  evaluate  the  criticality  of  delaminations. 

As  a  result  of  processing  and  service  conditions,  delaminations  may  be  introduced  into 
composite  structures.  Fatigue  and  static  loading  of  laminated  composite  structure  may 
initiate  delaminations  near  interlaminar  stress  concentrations.  Some  of  the  common 
design  features  found  in  composite  structures  such  as  bolted  joints,  ply  drops,  and  cutouts 
contain  interlaminar  stress  concentrations  (see  Figure  3-85).  In  addition,  multiple 
delaminations  represent  characteristic  post-impact  damage.  Local  instability  of  a  delam¬ 
inated  sub-region  in  composite  structures  under  compressive  loading  precipitates  out-of¬ 
plane  deformations  and  may  lead  to  subsequent  crack  growth.  Under  these  circumstances, 
it  has  been  well  documented  that  structural  strength  and  stiffness  reductions  are  signifi¬ 
cant  (refs.  50  to  58). 


Free  edge 


Cutout  (l.e.,  hole) 


Ply  drop 


Bonded  Joint 


Bolted  joint 


3.4.4.1  Fracture  Analysis  and  Specimens  (For  Interlaminar  Toughness) 

In  the  presence  of  interlaminar  stress  singularities,  the  fracture  mechanics  approach  is 
now  frequently  used  to  assess  defect  criticality  in  composites.  Double  cantilever  beam 
(DCB),  Mode  I,  and  end  notched  flexure  (ENF)  Mode  II  specimens,  as  shown  in  Figure  3~86 
(a  and  b),  are  being  used  to  evaluate  the  pure  mode  critical  strain  energy  release  rates. 
Strain  energy  release  rates  are  utilized  in  these  pure  mode  tests  because  G  is  a  physically 
well  defined  quantity  experimentally  measurable  with  compliance  calibration  techniques. 
But,  in  general,  cracks  in  composite  structures  are  subjected  to  all  three  modes  of  loading 
at  the  crack  tip  as  shown  in  Figure  3—87. 


Figure  3-86.  End-Notched  Flexure  (ENF)  and  Double-Cantilever  Beam  (DCB)  Specimens 
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Mode  I 


Mode  tl 


Mode  III 


Figure  3-87.  Modes  of  Crack  Propagation 
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To  study  mixed-mode  crack  growth  criteria,  the  imbedded  through-width  delamination 
(ITWD)  and  cracked  lap  shear  (CLS)  specimens  shown  in  Figure  3-88  have  been  used  by  a 


(b)  Imbedded  Through-Width  Dolamlnation  (ITWD)  Specimen 
Figure  3-88.  Mixed  Modes  I  and  II  Delamination  Specimens 


(Ref  10) 
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number  of  researchers.  The  opening  moment  and  the  eccentricity  in  load  path  at  the 
crack  tip  of  the  CLS  and  ITWD  specimens  are  the  mechanisms  causing  interlaminar 
normal  (Mode  I)  and  shear  (Mode  II)  stress  concentrations  (see  Figure  3-89). 


The  strain  energy  release  rate  methods  for  evaluating  the  criticality  of  delaminations 
assume  that  Gc  is  a  material  property.  This  type  of  analysis  is  based  on  the  equation 
below  presented  by  Griffith  (ref.  59). 


G  =  P2  dC 
2b  da 


(eq.  19) 


where: 

b 

width  of  crack 

G 

strain  energy  release  rate 

C 

compliance 

a  = 

crack  length 

P 

load 

For  a  single  mode  of  loading  at  the  crack  tip,  the  load  on  the  specimen,  P,  is  increased 
until  G  reaches  its  critical  value  Gc  at  the  onset  of  crack  growth.  In  this  case,  the  failure 
criterion  can  be  stated  as  crack  growth  occurs  when  G  reaches  Gc.  Once  Gc  has  been 
measured,  the  fracture  load,  Pc,  can  be  found  for  any  other  crack  length  or  geometry  by 
evaluating  the  change  in  compliance  with  respect  to  crack  length  (dC/da).  Then,  dC/da 
can  be  adequately  determined  analytically  for  simple  pure  Mode  I  or  Mode  II  geometries 
such  as  the  DCB  and  ENF,  respectively;  however,  finite  element  methods  combined  with 
the  virtual  crack  closure  analysis  (ref.  60)  are  required  to  evaluate  dC/da  in  more  compli¬ 
cated  structural  applications.  These  types  of  complex  geometries  often  have  more  than 
one  mode  of  loading  present  at  the  crack  tip  (that  is,  mixed  mode).  In  this  case  the  inter¬ 
action  of  modes  must  be  considered,  thus  invalidating  the  simple  crack  growth  criterion 
mentioned  above.  The  mixed  mode  fracture  criterion  becomes  more  complicated  since 
the  critical  value  of  the  Mode  II  interlaminar  toughness  of  composites  can  range  from  one 


Interlaminar 


Normal 

stresses 


Interlaminar 


Shear  stress 


(a)  Opening  Moment 


(b)  Eccentricity  of  Load  Path 


(Ref.  10) 


Figure  3-89.  Crack  Tip  Loading  Mechanisms  Causing  Interlaminar 
Normal  and  Shear  Stress  Concentrations 
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to  ten  times  that  in  Mode  I  as  shown  in  Figure  3-90.  However  it  has  been  recently  shown 
by  Rothschilds,  (ref.  10)  and  Johnson  (ref.  61)  that  the  linear  mixed-mode  crack  growth 
criterion,  in  the  following  equation,  provides  accurate  predictions  of  the  critical  loads  at 
the  onset  of  mixed  mode  crack  growth. 


GII  =  1 
GIIC 


(eq.  20) 


(Where  the  values  are  as  defined  for  the  previous  equation.) 


Material 

QIC 

kJ/m^ 

Ref. 

number 

ghc  2. 

kJ/m^ 

Ref. 

number 

AS-4/PEEK 

1.75  ±  0.13 

65 

1 .89  ±  0.16 

61 

AS-4/PEEK 

2.1  -  2.4 

66 

AS-4/PEEK 

1 .54  ±  0.06 

63 

1.77  ±  0.24 

63 

T300/5208 

0.103 

67 

0.92  ±  0.14 

64 

AS-1/3506-6 

0.131 

62 

AS-1/3501-6 

0.19  ±  0.01 

63 

0.61  ±0.3 

63 

Cellon  6000/ 
CYCOM  982 

0.25  ±  0.02 

65 

0.77  ±  0.07 

65 

*1  kj/m‘  =  5.71  in  lb/ln‘. 

Figure  3-90. 

G/q  and  G/iq  Values  Obtained  From 
DCD  and  ENF  Testing  Reported  in 

Literature 
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With  this  criterion,  the  criticality  of  interlaminar  cracks  can  be  evaluated  in  complex 
mixed-mode  geometries.  It  should  be  noted  that  the  criterion  in  the  above  equation 
reduces  to  the  desired  result  in  the  case  of  pure  mode  loading.  It  is  also  seen  that  the 
mixed-mode  criterion  above  requires  the  pure  Mode  I,  Mode  II,  and  or  Mode  III  critical 
strain  energy  release  rates.  Fracture  testing  exhibits  rate  dependence,  material 
nonlinearity,  and  subcritical  crack  growth.  To  be  consistent,  these  effects  must  be 
considered  when  using  the  results  of  pure  mode  fracture  testing  in  the  analysis  of  fracture 
in  structural  components. 

3.4.4.2  Interlaminar  Fatigue  Crack  Growth 

The  previous  paragraph  discussed  methods  used  to  evaluate  the  criticality  of  interlaminar 
cracks  under  quasi-static  loading.  Some  excellent  investigations  on  interlaminar  fatigue 
crack  growth  were  performed  by  Wilkins  (ref.  62)  and  Russell  (ref.  63).  They  have  shown 
that  a  power  law  relation  exists  between  the  change  in  G  during  a  fatigue  cycle  and  the 
crack  growth  rate.  Figure  3-91  shows  the  crack  growth  rate  equations  in  Mode  I  and 
Mode  II  for  AS- 1/350 1-6  (Gr/ep).  Similar  equations  for  other  materials  could  be  used  in 
conjunction  with  the  methods  for  predicting  G  (discussed  above)  to  evaluate  the  criticality 
of  interlaminar  fatigue  in  laminated  composites.  Figure  3-92  shows  rather  surprisingly 
that  over  a  certain  range  of  cyclic  Mode  II  crack  loading,  the  tougher  thermoplastic 
AS4/PEEK  has  a  higher  crack  growth  rate  than  the  relatively  brittle  epoxy.  The  charac¬ 
teristic  surface  micro-features  have  been  documented  in  a  thorough  investigation  of  com¬ 
posite  interlaminar  crack  growth  by  Russell  (ref.  63).  Failure  analysts  can  use  this  infor¬ 
mation  to  characterize  the  loading  (static  or  fatigue)  and  interlaminar  stress  state  (Mode  I 


Mode 

Governing  equation 

Reference 

number 

B 

n 

Gth  - 

J/m2 

AGTH 

Qtc 

Mode  1 

(£), 

62 

1  47x10“64 

28.8 

105 

0  6 

Mode  II 

(£)„ 

63 

22  3x10“18 

5.8 

82 

0  14 

Mode  II 

(~)  mm  =  B(AGT)n 

62 

i  ,04x10'20 

7  7 

74 

0  1b 

*Gjh  is  the  cyclic  strain  energy  release  rate  corresponding  to  a  threshold  crack  growth 
rate  of  2  54x10“®  mm/cycle. 


Figure  3-91.  Fatigue  Crack  Growth  of  AS-1 13501  -6 
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Figure  3-92.  Mode  II  Fatigue 
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or  Mode  II)  in  the  region  of  failure  initiation.  Recreating  the  loads  at  the  onset  of  failure 
may  illuminate  the  cause  of  failure. 

3.4.5  Reductions  in  Strength  Due  to  Manufacturing  Defects 

While  the  strength  reductions  due  to  holes,  cutouts,  and  impact  damage  are  incorporated 
into  design,  manufacturing  defects  are  not  accounted  for.  Some  of  the  typical  manufac¬ 
turing  defects  that  may  cause  strength  reductions  are  listed  in  Figure  3-93.  This  chart 
also  lists  the  mechanical  properties  likely  to  be  affected  by  the  defects  and  some  of  the 
methods  and  data  needed  to  evaluate  the  criticality  of  the  flaw.  Although  the  list  in  Fig¬ 
ure  3~93  is  incomplete,  it  provides  the  failure  analyst  with  an  understanding  of  some 
causes  and  effects  related  to  typical  manufacturing  defects. 
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4.0  PRACTOGRAPHIC  APPLICATIONS,  EXAMPLES  AND  INTERPRETIVE  METHODS 


Some  of  the  most  extensive  investigations  in  a  failure  analysis  involve  the  examination  of 
the  fracture  surface  of  failed  components.  These  surfaces  may  provide  the  only  true 
physical  record  of  the  events  and  conditions  involved  in  the  failure  process.  Through 
detailed  macroscopic  and  microscopic  analyses,  fractography  can  be  used  to  attempt 
reconstruction  of  the  failure  sequence.  Using  the  tools  and  methods  outlined  in  paragraph 
3.3,  primary  emphasis  is  placed  on  interpreting  the  fractographic  information  obtained  to 
answer  the  following  questions: 

•  Where  did  a  crack  start,  that  is,  where  is  a  crack  origin? 

•  What  caused  the  crack  to  initiate  at  the  origin? 

•  By  what  modes  did  the  crack  propagate? 

•  In  what  directions  did  the  crack  propagate? 

•  What  fracture  types  are  present? 

•  What  loads  or  environmental  conditions  were  operative  at  failure? 

•  What  was  the  sequence  of  failure  in  a  case  of  multiple  cracks  or  multiple 
component  fracture? 

The  development  of  the  analytical  methods  and  interpretive  skills  required  to  answer 
these  questions  for  composite  material  structures  have  only  recently  been  initiated.  In 
general,  fractographic  studies  on  other  materials  (metals  and  unreinforced  polymers)  have 
made  significant  strides  toward  (1)  understanding  the  microscopic  mechanisms  of  cracking 
and  (2)  identifying  the  causes  of  component  failure.  Of  these  two  areas,  the  latter  is 
perhaps  the  most  important.  Through  fractographic  examinations,  the  origin  location  and 
the  direction  of  crack  growth  and  load  conditions  involved  in  premature  component 
fractures  can  generally  be  identified.  In  many  cases,  the  definition  of  defects,  damage 
conditions  or  anomalous  fracture  modes  by  such  studies  may  be  sufficient  to  identify  the 
cause  of  fracture.  In  those  cases  where  such  causes  are  not  apparent,  understanding  the 
sequence  of  events  leading  to  fracture  on  a  microscopic  scale  is  often  crucial  to 
accurately  direct  other  analyses  techniques  such  as  stress  analysis  or  materials 
characterization. 


The  information  presented  in  this  section  is  intended  to  provide  the  investigator  with  a 
basic  fundamental  understanding  of  how  laminated  composite  structures  fracture. 

Primary  emphasis  is  placed  on  analyses  of  carbon  fiber  reinforced  and  epoxy  resin  matrix 
systems,  which  have  been  proven  to  provide  the  aerospace  industry  with  a  material  which 
exhibits  high  specific  strength  and  modulus  combined  with  excellent  environmental 
durability.  More  specifically,  the  vast  majority  of  the  examples  are  from  laminates 
constructed  from  prepreg  tape.  Fabric  or  three-dimensional  product  forms  appear  to  fail 
under  basically  the  same  mechanism,  although  slightly  more  complex  in  nature.  Covered 
in  this  section  are  discussions  on  the  following: 

•  Fracture  type  and  classification. 

Translaminar 

Interlaminar 

Intralaminar 

•  Interlaminar  and  intralaminar  fractures. 

Tension  versus  shear  fracture  features 
Mixed  mode  fractures 

Relationships  between  features  and  crack  growth  directions 
Cross-plying  interfacial  effects 
Environment  and  fatigue  effects 

•  Translaminar  fractures. 

Tension 

Compression 

Flexure 

Environmental  effects 

4.1  FRACTURE  TYPES 

Because  of  their  laminated  anisotropic  construction,  fractures  in  composites  can  occur  in 
a  number  of  complex  ways.  The  types  and  modes  of  failure  which  can  be  encountered 
depends  upon  both  the  direction  of  applied  load  and  the  orientation  of  fibers  (plies)  making 
up  the  composite  material.  As  indicated  in  Figures  4-1  and  4-2,  variations  in  either  of 


0  <tog/90  ct*g 


t  45  (tog 

0  (tog 


Qu«»l-l»otrop*c 


5-B70227R1-21 


Tentile 


these  can  produce  strikingly  different  fracture  appearances  on  a  macroscopic  scale.  This 
range  of  diversity  precludes  the  ability  to  assign  well  defined  macroscopic  fracture  types 
for  most  applications.  The  definition  of  fracture  types  on  a  microscopic  scale,  however, 
provides  a  relatively  useful  means  of  classifying  failure  modes  and  fracture  types  in  much 
the  same  way  as  with  metals. 

Fractures  in  continuous  fiber  reinforced  composites  can  be  divided  into  three  basic 
•  fracture  types;  interlaminar,  intralaminar,  and  translaminar.  Each  of  these  failure  types 

are  schematically  illustrated  in  Figure  4-3.  As  with  the  intergranular  and  transgranular 
terminology  commonly  used  with  metals,  each  of  these  classifications  describes  the  plane 
of  fracture  with  respect  to  the  microstructural  constituents  of  the  material. 

Translaminar  fractures  are  those  oriented  transverse  to  the  laminated  plane  in  which 
conditions  of  fiber  fracture  are  generated.  Interlaminar  fractures,  on  the  other  hand, 
describe  failures  oriented  between  plies  whereas  intralaminar  fractures  are  those  located 
internally  within  a  ply.  Translaminar  fractures  involve  significant  fiber  fracture,  while 
interlaminar  or  intralaminar  fractures  occur  in  the  laminate  plane,  principally  fracturing 
matrix  resin  and  therefc  e  breaking  few  or  no  fibers. 

Commonly,  a  failed  component  will  exhibit  all  three  types  of  fracture.  In  this  case,  it  is 
important  to  differentiate  between  the  types  so  as  to  more  easily  prepare  the  analytical 
approach  (per  the  fractography  FALN)  and  to  define  the  analytical  tools  to  be  used.  For 
instance,  the  optical  microscope  is  the  most  accurate  and  quickest  method  of  analyzing 
interlaminar  or  intralaminar  fractures,  in  which  the  fracture  of  the  matrix  resin 
dominates.  Conversely,  the  optical  microscope  cannot  be  used  to  investigate  the 
translaminar,  fiber-fracture  dominated  surfaces  due  to  the  rough  topography.  For  such 
fractures  in  which  a  large  depth  of  focus  is  required  in  conjunction  with  high 
magnification  capabilities,  the  scanning  electron  microscope  is  invaluable.  Although  this 
.  is  rather  a  simple  analogy,  it  illustrates  the  need  to  define  and  understand  the  various 

fracture  types  so  that  planning  of  detailed  analysis  such  as  crack  mapping  can  be 
.  developed  early  in  the  investigation  process. 
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(a)  Intralaminar  Fracture 


(b)  Interlaminar  Fracture 


(c)  Translamlnar  Fracture 

Figure  4-3.  The  Basic  Fracture  Modes 
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4.2  FRACTURE  MOOES,  FEATURES,  AND  GROWTH  DIRECTIONS 


Failures  in  composites  can  be  described  in  terms  of  the  failure  mechanism  exhibited  on 
translaminar,  interlaminar,  and  intralaminar  fracture  types.  The  first  evaluation  method 
available  to  define  and  differentiate  between  these  fracture  types  is  visual  macroscopic. 
The  ability  to  define  fracture  types  at  the  macroscopic  level  can  often  be  the  most 
valuable  capability  for  many  investigators,  particularly  for  those  performing  field 
investigations.  When  examining  a  failed  composite  structure,  the  investigator  must  assess 
the  nature  and  direction  of  the  applied  load,  identify  the  significance  and  time  of 
fracture,  and  select  portions  of  the  structure  for  laboratory  analyses.  Visual  examination 
alone  can  often  provide  sufficient  information  to  answer  these  questions.  However,  this 
extremely  valuable  capability  is  very  much  in  its  infancy  compared  to  the  metals  field. 
Figure  4-4  presents  a  brief  overview  of  the  relationships  that  various  investigators  have 
observed  between  fracture  mode/load  conditions  and  macroscopic  fracture  surface 
features.  Figure  4-5  illustrates  how  a  consistent  pattern  of  crack  branching  of  the  skin 
surface  was  found  to  indicate  the  direction  of  macroscopic  crack  growth,  and  aided  in 
identifying  the  initiation  site  in  a  very  large  structure  which  experienced  compression 
buckling. 
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Figure  4- 5.  V-22  Osprey  Wing  Box  Failure 
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Although  macroscopic  methods  are  currently  fairly  limited,  an  extensive  capability  has 
been  developed  to  evaluate  the  microscopic  fracture  features  in  the  laboratory  as  related 
to  each  failure  mechanism.  The  failure  mechanism  reflects  the  load  under  which 
microscopic  separation  occurs,  either  tension,  shear,  or  compression  or  fatigue.  The 
following  discussion  presents  each  of  the  primary  types  of  failure,  with  the  interpretation 
of  the  fractographic  features  that  identify  the  load  type  and  localized  crack  propagation 
direction. 


4.2.1  Interlaminar  and  Intralaminar 

The  extremely  low  in-plane  fracture  resistance  (Glc  =  0.25  KJ/sg.m  versus  translaminar 
Glc  values  of  100  KJ/sq.m)  makes  interlaminar  and  intralaminar  fracture  (commonly 
known  as  delaminations)  a  particularly  significant  mode  of  failure  for  nearly  all  composite 
fractures.  When  considered  on  a  microscale,  interlaminar  and  intralaminar  fractures  can 
be  described  similarly.  In  both  cases  fracture  occurs  on  a  plane  parallel  to  that  of  the 
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fiber  reinforcement.  In  a  manner  similar  to  that  described  for  metals,  fracture  of  either 
type  can  occur  under  Mode  I  tension,  Mode  II  in-plane  shear,  Mode  III  anti-plane  shear. 
These  three  load  states  are  illustrated  in  Figure  4-6.  On  a  microscopic  scale,  nearly  all 
delaminations  separate  in  a  combination  of  the  first  two  types,  with  a  predominance  of 
either  one  or  the  other.  All  modes  are  recognized  as  potentially  critical  in  compression 
buckling,  joint  failures,  and  defect  initiated  failures  such  as  impact.  Each  of  these  failure 
modes  are  still  being  actively  investigated  so  as  to  further  understand  the  actual 
microstructural  separation  mechanisms  and  the  generated  morphological  features,  as 
related  to  the  macroscopic  loading  conditions.  As  a  result,  conditions  such  as  Mode  III 
anti-plane  shear  have  not  been  thoroughly  studied  and  will  not  be  presented  in  this 
document.  However,  for  Mode  I  tension  and  Mode  II  in-plane  shear,  enough  data  exists  to 
accurately  model  their  mechanisms  of  separation  and  describe  their  fracture 
characteristics. 

Since  interlaminar  and  intralaminar  failures  occur  in  the  same  plane  as  their  fiber 
reinforcement,  their  fracture  mechanism  and  appearance  tend  to  be  dominated  by  matrix 
fracture  and  fiber-to-matrix  separation.  In  general,  separation  of  the  fiber  from  the 
matrix  occurs  at  the  interface  for  either  Mode  I  tension  or  Mode  II  shear  loading 
conditions.  As  a  result,  very  little  cohesive  resin  fracture  occurs  along  the  fiber,  which 
often  serves  as  a  source  of  crack  initiation.  Fracture  of  the  matrix  resin  between  fibers 
exhibits  pronounced  cohesive  fracture  characteristics  under  both  Mode  I  tension  and 
Mode  II  shear  loading. 

For  the  majority  of  thermosetting  matrices  currently  in  use,  cohesive  matrix  failure 
occurs  in  a  brittle  manner.  Cohesive  resin  fracture  characteristically  exhibits  relatively 
flat  fracture  planes  with  very  little  evidence  of  permanent  material  deformation.  This  is 
similar  to  brittle  failure  in  metals  (Figure  4-7),  unreinforced  polymers  (Figure  4-8),  and 
ceramics  such  as  glass.  The  microscopic  plane  of  such  brittle  failures  is  nearly  always 
oriented  normal  to  the  direction  of  locally  resolved  tension.  With  reference  to  Figure  4-6, 
separation  under  both  Mode  1  tension  or  Mode  II  shear  occurs  by  the  identical  microscopic 
mechanism,  (that  is,  brittle  tension).  The  only  difference  between  these  two  modes  is  the 
orientation  of  principal  tensile  stress  under  which  microscopic  separation  occurs. 
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Mode  I  Opening  or  tensile  mode,  where  the  crack  surfaces  move  directly  apart. 

Mode  II  Sliding  or  in-plane  shear  mode,  where  the  crack  surfaces  slide  over  one  another  in  a  direction  perpendicular  to  the 
leading  edge  of  the  crack. 

Mode  III  Tearing  or  antiplane  shear  mode,  where  the  crack  surfaces  move  relative  to  one  another  and  parallel  to  the  leading 
edge  of  the  crack. 


Figure  4-6.  Basic  Modes  of  Loading  Involving  Different  Crack  Types  and  Surface 
Displacements  (Interlaminar  and  Translaminar) 
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Crack  growth  direction 


Figure  4-7.  Fracture  Surface  of  4340M  Steel  Illustrating  Cleavage  Fracture  Features  Indicative 
of  Crack  Growth  Direction 
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4.2. 1.1  Mode  I  Tension  Delaminations 


In  the  case  of  Mode  I  tension  (which  is  the  weaKest  fracture  type  with  a  Glc  toughness  at 
one-third  of  Mode  11  shear  G2c),  the  maximum  principal  tensile  stress  lies  perpendicular  to 
the  plane  of  failure.  As  a  result,  brittle  cleavage  of  the  matrix  material  occurs  and  fiber 
fracture  rarely  happens.  These  fractures  are  flat  and  are  very  shiny  and  smooth  in 
appearance  at  macroscopic  visual  levels  of  magnification  (Figure  4-9).  Although  not  often 
identified,  arced  bands  can  be  found  that  are  similar  to  beach  markings  found  in  metals 
and  unreinforced  polymer  fractures.  Such  markings,  presented  in  Figure  4-10  from  a 
controlled  crack  growth  test  coupon,  are  indicative  of  the  crack-front  geometry  and  are 
formed  in  response  to  pronounced  changes  in  crack  velocity.  Numerous  investigators  have 
demonstrated  that  in  neat  polymeric  materials,  low  crack  velocities  resulted  in  mirror- 
smooth  fracture  surfaces,  and  high  crack  velocities  result  in  roughened,  less  reflective 
fracture  topographies.  This  feature  can  be  used  to  define  the  macroscopic  direction  of 
crack  growth  with  the  direction  of  growth  moving  from  the  concave  to  the  convex  side  of 
the  markings. 

Microscopic  examinations  (optical  and  SEM)  reveal  distinctly  flat  areas  of  cohesive  resin 
fracture  between  the  areas  of  fiber-matrix  separation.  The  extent  to  which  either  of 
these  two  features  occur  depends  upon  both  the  volume  fraction  of  fibers  and  the 
proximity  of  the  fracture  plane  to  these  fibers  (that  is,  intralaminar  or  interlaminar).  In 
general,  cohesive  resin  fractures  dominate  the  overall  surface  topography.  Such  areas 
typically  exhibit  pronounced  river  markings  and  resin  microflow  as  discussed  below.  The 
combination  of  these  features  appear  unique  to  Mode  I  tension  and  provide  a  means  of 
identifying  the  relative  percentage  of  Mode  I  tension  at  fracture  and  the  localized 
direction  of  crack  propagation. 

High  magnification  optical  photomicrographs  of  interlaminar  tension  fractures  which 
delaminated  in  the  direction  of  fiber  orientation  are  illustrated  in  Figure  4-11.  The 
surface  reveals  a  reflective  appearance  with  flat  areas  of  resin  fracture  between  the 
regions  of  fiber/matrix  separation.  Inspection  reveals  branching  lines  (river  marks)  in 
these  flat  resin  fracture  areas,  along  with  an  extremely  fine  texture  or  feathering  (resin 
microflow);  the  direction  of  river  mark  coalescence  corresponds  with  the  direction  of 
overall  crack  growth.  These  photomicrographs  are  taken  from  a  region  between  plies  that 
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Figure  4-10. 


Beach  Marks  Found  in  a  Delamination  Surface  Indicative  of  Crack  Front  Shape 
and  Growth  Direction  During  Fracture 
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Figure  4-11.  Optical  Photomicrographs  of  Intended  Fracture  Plane  Between 
O/O-deg  Plies,  DCB  21°C  ( 70°F )  Specimen 
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was  rich  in  resin,  primarily  for  illustrative  purposes.  Therefore  more  resin  fracture  and 
fewer  fibers  are  evident  than  usually  found.  It  should  be  noted  that  areas  with  different 
ratios  of  fiber  reinforcement  do  not  significantly  effect  the  overall  fracture  features, 
although  it  can  make  optical  inspections  more  difficult  to  resolve  small  resin  fields 
between  fibers. 

The  river  markings,  presented  in  Figure  4-12,  are  analogous  to  the  cleavage  fracture 
features  commonly  recognized  in  brittle  materials  such  as  metals,  ceramics,  and 
polymers.  It  has  been  determined  through  extensive  studies  that  such  features  result  from 
progressive  joining  of  adjacent  microscopic  fracture  planes  during  crack  growth.  More 
specifically,  each  line  segment  represents  a  local  step  formed  when  the  thin  ligament 
separating  two  adjacent  planes  is  fractured  during  crack  growth.  As  presented  by  Griffith 
(ref.  59),  the  amount  of  strain  energy  involved  in  fracture  is  proportional  to  the  area  of 
fracture  surface  created  and  the  amount  of  plastic  deformation  at  the  crack  tip.  As  a 
result,  a  large  number  of  locally  displaced  fracture  planes  that  initiate  at  the  fiber/matrix 
interface  represent  a  higher  energy  condition  than  a  single  continuous  fracture  surface. 
Since  crack  propagation  tends  to  occur  along  the  path  requiring  the  least  energy,  there  is 
a  tendency  for  the  planes  to  coalesce  together.  Thus  the  multitude  of  microplanes  that 
initiate  at  the  fiber/matrix  interface  link  up  as  the  crack  propagates,  resulting  in  a 
coalescence  of  the  steps  to  form  a  branched  pattern,  or  river  marks. 

Close  inspection  of  the  resin  microplanes  exhibit  a  distinctly  textured  morphology 
referred  to  as  resin  microflow.  Microflow  is  discernable  at  high  magnifications  and 
usually  requires  tilting  of  the  specimen  in  the  SEM  (Figures  4-13  and  4-14)  for  this  subtle 
feature  to  become  visible.  In  many  ways,  the  textured  appearance  is  identical  to  the 
cleavage  feathers  characteristic  of  metallic  fractures  as  shown  in  Figure  4-7.  These 
feathery  patterns  exhibit  a  distinctive  chevron  type  appearance,  with  the  pointed  end  of 
the  chevron  oriented  toward  the  origin  of  propagation.  This  chevron  pattern  results  from 
the  inherent  tendency  of  a  propagating  crack  to  take  the  shortest  path  to  a  free  surface. 
On  a  microscopic  scale,  these  chevrons  tend  to  rotate  from  the  direction  of  overall  crack 
growth  toward  adjacent  free  surfaces  such  as  microplanes,  transverse  cracks,  or 
fiber/matrix  interfaces.  However,  by  examining  the  direction  and  orientation  of  the 
microflow  patterns  in  the  center  of  each  microplane,  the  localized  direction  of  crack 
propagation  can  be  determined. 


Figure  4-13.  Photomicrograph  Illustrating  Adhesive  Fracture 
Areas  of  Textured  Microflow 
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Figure  4-14.  TEM  Image  of  Resin  Microplane  With  River  Marks  and  Resin  Microflow 
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Mode  I  tension  fractures  produced  at  angles  relative  to  the  direction  of  fiber 
reinforcement  typically  exhibit  both  the  river  markings  and  resin  microflow  as  noted 
above.  However,  significant  variations  in  the  fracture  topography  can  occur  at  the 
microscopic  scale,  depending  upon  the  number  of  fibers  exposed  by  the  fracture  and  their 
orientation  relative  to  the  direction  of  microscopic  crack  growth  (Figures  4-15  and  4-16). 
Cracking  often  occurs  in  the  resin  rich  region  between  plies,  particularly  between  plies  of 
large  angular  differences  (that  is,  0°  and  90°).  Fractures  which  occur  at  the  interface 
between  plies  exhibit  relatively  large  areas  of  flat-resin  fracture  with  distinct  river  marks 
in  a  fairly  consistent  microscopic  direction.  Alternatively,  fractures  which  occur  within  a 
ply  exhibit  variable  and  often  seemingly  inconsistent  localized  microscopic  directions  of 
fracture.  River  marks  and  microflow  are  oriented  in  a  wide  variety  of  directions  across 
the  fracture  surface.  Variations  in  the  direction  of  microscopic  crack  propagation  can 
often  be  averaged  together  to  obtain  a  more  accurate  estimate  of  the  overall  direction  of 
crack  propagation  (Figure  4-17). 

Variations  in  the  direction  of  microscopic  crack  growth  depend  upon  several  factors.  The 
two  most  notable  factors  that  must  be  considered  are  the  formation  of  localized  zones 
due  to  fiber  intrusion  and  the  magnitude  of  stress  concentration  involved  in  fracture.  In 
the  first  case,  fiber/matrix  areas  tend  to  divide  the  crack  tip  into  numerous  microscopic 
zones,  at  which  the  crack  must  initiate  a  new  crack  front  at  the  other  side  of  the  fiber  to 
continue  growth  in  this  zone.  In  general,  these  zones  will  exhibit  differing  growth  rates 
and  slightly  displaced  planes  of  fracture.  Consequently,  the  resultant  crack  front  formed 
by  these  regions  can  be  highly  irregular,  with  narrow  crack  extensions  in  front  of  the  main 
crack  tip.  This  crack  front  profile  can  produce  significant  local  variations  in  the  crack 
directions  as  the  extensions  grow  laterally  to  meet  each  other. 

The  second  major  condition  that  can  lead  to  crack  direction  variations  takes  place  when 
failure  occurs  without  the  formation  of  any  appreciable  stress  concentration.  This  is 
similar  to  the  condition  generated  with  flatwise  tension  test  coupons,  in  which  failure 
tends  to  occur  at  a  wide  variety  of  locations  within  the  laminate  plane.  As  with  ductile 
tensile  separation  rupture  in  metals,  failure  occurs  when  these  multiple  fracture  planes 
intersect.  Such  fractures  are  characterized  by  the  formation  of  an  extensive  number  of 
fracture  planes  throughout  the  laminate  with  extreme  variations  in  the  direction  of  crack 
propagation  such  that  no  overall  direction  of  crack  propagation  exists. 


4-18 


L' 


4-19 


4-20 


4.2.1. 2  Mode  II  Shear  Delaminations 


Failures  by  interlaminar  shear  can  occur  by  macroscopic  loading  sources  such  as  tension, 
compression,  or  flexure.  The  duty  of  the  matrix  resin  is  to  transfer  the  axial  loads  in  each 
fiber  to  he  adjacent  similarly  oriented  fibers  and  to  adjacent  plies  that  are  not  oriented 
in  the  direction  of  primary  loading.  As  a  result,  shear  fractures  tend  to  occur  within,  or 
adjacent  to,  plies  that  are  oriented  in  the  direction  of  maximum  loading. 

Failures  produced  under  conditions  of  Mode  II  shear,  while  also  occurring  by  brittle  tensile 
separation,  exhibit  a  distinctly  different  appearance  than  Mode  I  tensile  failures. 
Macroscopic  examinations  reveal  a  dull  and  often  "milky"  appearance  when  held  at  oblique 
angles  to  a  light  source,  due  to  opaque  light  scattering  by  the  rough  resin  fracture 
features.  Microscopic  investigations  show  a  much  rougher  topography  than  pure  Mode  I 
tension.  Optical  microscopy  reveals  a  series  of  translucent,  vertical,  and  parallel  resin 
platelets  found  in  the  narrow  resin  fracture  zones  between  the  fibers.  As  shown  in  Figure 
4-18,  the  platelets  are  aligned  normal  to  the  direction  of  crack  propagation.  The  large 
flat  matrix  regions  which  exhibit  river  mark  branching  typical  of  Mode  I  delaminations  are 
not  present.  These  distinct  differences  permit  the  use  of  optical  analyses  to  rapidly 
differentiate  between  Mode  I  and  Mode  II  delaminations  when  either  load  condition 
dominates  during  fracture. 


Figure  4-18. 


Optical  Photomicrographs  of  Intended  Fracture  Plane  Between  0/0-deg  Plies. 
ENF  21°C  (70°F)  Specimen 
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Under  detailed  SEM  examination  (Figure  4-19),  the  rows  of  curved  vertical  platelets  are 
found  in  the  cohesive  resin  fracture  regions  between  fibers.  As  described  by  Mohr's 
circle,  during  in-plane  shear  loading  the  principle  tensile  stresses  are  oriented  at  forty- 
five  degrees  to  the  plane  of  applied  shear,  as  shown  in  Figure  4-20.  Since  matrix  fracture 
occurs  in  a  microscopic  plane  normal  to  resolved  tensile  stress,  a  series  of  distinct 
inclined  microcracks  (Figure  4-21)  are  formed  ahead  of  the  main  crack  front.  Increased 
strain  or  loading  causes  these  small  parallel  microcracks  to  grow  and  coalesce,  resulting 
in  the  formation  of  a  series  of  upright  curved  platelets.  Based  upon  these  observations, 
the  directions  of  applied  shear  (clockwise  or  counterclockwise  moment)  can  be  determined 
by  examining  the  direction  of  platelet  tilt.  Concave  areas  are  found  on  the  mating 
fracture  surfaces,  opposite  to  these  platelets  (Figure  4-22).  High  magnification  inspection 
of  the  platelets  and  the  concave  regions  reveals  small  river  marks  and  microflow,  also 
indicative  of  resolved  tensile  separation.  Several  terms  have  been  used  to  describe  each 
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of  these  features  including  lacerations  or  hackles  for  the  upright  platelets  and  scallops  for 
the  concave  areas.  For  this  document,  the  more  common  use  of  hackles  to  describe 
platelets  and  scallops  to  describe  depressed  concave  areas  is  used. 

Separation  of  hackles  can  result  in  two  possible  relationships  (mechanisms  A  and  B) 
between  hackle  tilt  and  the  direction  of  crack  propagation,  depending  on  which  fracture 
surface  retains  the  hackle  (Figure  4-23).  In  mechanism  A,  separation  occurs  such  that  the 
hackles  are  retained  on  the  side  in  which  the  direction  of  crack  propagation  coincides  with 
the  direction  of  local  shear  component.  This  condition  produces  hackles  tilted  in  the 
direction  of  crack  propagation,  and  normal  to  the  direction  of  resolved  tension  (45 
degrees).  Conversely,  in  mechanism  B,  separation  occurs  such  that  hackles  are  retained 
on  the  side  in  which  the  direction  of  crack  propagation  opposes  the  direction  of  the  local 
shear  component.  In  this  condition,  the  tilt  of  hackles  oppose  the  direction  of  crack 
propagation. 

Comparisons  of  the  hackle  tilt,  scallop  features,  and  the  mating  fracture  surfaces  by  a 
variety  of  researchers  indicated  that  the  direction  of  crack  growth  cannot  be  established 
with  the  same  confidence  possible  for  Mode  I  delaminations.  Mode  II  and  mixed  mode 
delaminations  generally  occur  by  a  combination  of  the  two  possible  mechanisms  such  that 
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Figure  4-23.  Possible  Hackle  Separation  Mechanisms 


hackles  are  found  on  each  mating  fracture  surface,  preventing  a  definitive  conclusion  of 
the  crack  growth  direction.  However,  the  direction  of  hackle  orientation  can  be  used  to 
estimate  the  direction  parallel  to  which  crack  growth  occurred. 


The  orientation  of  fiber  reinforcement  at,  or  adjacent  to,  the  delamination  plane  can  have 
a  significant  effect  on  the  morphology  of  both  hackles  and  scallops  that  must  be 
considered  when  determining  the  direction  of  crack  propagation.  Surface  fibers  oriented 
parallel  to  the  direction  of  crack  growth  tend  to  form  orthogonal  shaped  hackles  and 
scallops  (Figure  4-24),  whereas  fibers  intersecting  the  fracture  surface  at  an  angle  to  the 
direction  of  growth  tend  to  form  roughly  triangular  asymmetric  hackles  and  scallops 
(Figure  4-25).  In  the  first  case,  a  distinct  branched  morphology  generally  exits  on  both 
sides  of  the  hackles  and  scallops  where  they  intersect  adjoining  areas  of  fiber/matrix 
separation.  Since  this  symmetry  and  the  orthogonal  shape  of  these  features  correspond  to 
propagation  parallel  to  the  direction  of  exposed  fibers,  these  features  provide  a  relatively 
rapid  and  easy  means  of  identifying  the  direction  parallel  to  which  crack  growth  occurred. 


Figure  4-24.  Orthogonally  Shaped  Symmetrical 
Hackles 
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In  the  second  case,  when  the  asymmetric  features  are  identified,  the  tilt  of  the  triangular 
hackles  is  predominantly  parallel  to  the  direction  of  crack  propagation. 

4.2.1.3  Mixed  Mode  Delaminations 

Interlaminar  mixed  mode  delaminations  commonly  fail  in  a  mixed  mode  loading  condition, 
in  which  neither  pure  tension  or  shear  are  operative.  Failures  due  to  complex  loading  such 
as  flexure  and  compression  buckling  tend  to  exhibit  delamination  fracture  morphologies 
that  appear  somewhat  different  to  those  found  for  the  pure  loading  conditions  presented 
in  the  above  paragraphs.  Since  resin  fracture  separation  occurs  by  resolved  tensile  forces 
in  both  pure  shear  and  tension,  so  does  fracture  due  to  a  mixed  load  state.  The  extent  to 
which  each  of  the  predominant  features  exist,  (flat  regions  with  river  marks  or  vertical 
hackles),  depends  upon  the  ratio  of  Mode  I  to  Mode  II  macroscopic  stress.  Therefore, 
delaminations  with  a  predominance  of  Mode  I  tension  mainly  exhibit  river  marks  and  flat 
fracture  topographies,  with  a  tendency  toward  a  slight  tilt  in  each  of  the  resin  fracture 
microplanes,  indicative  of  the  slight  rotation  of  the  resolved  tensile  component 
(Figure  4~26).  For  these  types  of  fractures,  river  marks  and  resin  microflow  are  still 
useful  for  defining  the  localized  crack  growth  direction  and  for  use  in  crack  mapping.  As 
the  percentage  of  Mode  II  increases,  the  tilt  of  these  resin  microplanes  also  increases 
relative  to  the  rotation  of  the  resolved  tensile  component.  At  percentages  of  Mode  II 
above  approximately  30%,  these  platelets  take  upon  an  appearance  of  hackles,  where 
there  is  pronounced  separation  between  each  hackle  and  scallops  present  on  the  mating 
surface.  Figure  4-27  presents  the  fracture  morphology  at  approximately  43%  Mode  II 
shear  and  57%  Mode  I  tension.  This  fracture  surface  was  generated  with  a  Mixed  Mode 
Flexural  specimen.  Note  the  formation  of  the  hackles,  although  they  are  not  as  vertical 
or  upright  as  those  found  for  pure  shear  fracture  specimens.  As  indicated  in  the  above 
paragraph  on  pure  shear,  the  use  of  hackles  can  be  used  to  define  the  direction  parallel  to 
crack  propagation.  As  to  precisely  what  percentage  of  Mode  II  or  which  fractographic 
features  can  be  used  to  definitively  define  crack  growth  directions  has  not  been 
determined.  Further  studies  on  controlled  crack  growth  specimens  across  the  spectrum  of 
mixed  mode  must  be  performed  to  gain  a  firm  understanding  of  the  validity  of 
determining  crack  growth  directions  in  a  mixed  mode  loading  state. 
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4.2.2  Translaminar 


A  significant  portion  of  composite  post-failure  analyses  involve  translaminar  fractures, 
usually  in  combination  with  delaminations  located  on  either  side  of  the  through-thickness 
fracture.  Due  to  the  laminated  nature  of  composites,  combined  with  the  excellent  tensile 
strength  of  the  fiber  reinforcements,  translaminar  compression  fractures  tend  to  occur 
more  often  than  the  translaminar  tension  fractures.  Tension  fractures  exhibit  a  lesser 
amount  of  delamination  and  tend  to  be  relatively  less  damaging  to  the  fracture  surfaces 
and  surrounding  structure.  Compression  dominated  fractures  commonly  fail  as  a  result  of 
localized  buckling  instability  with  extensive  delaminations  and  post-failure  damage  to  the 
fracture  surfaces.  Often  the  compression  fracture  surfaces  are  pushed  into  each  other, 
wedging  open  the  delaminations  even  further. 

Fractographic  analyses  of  translaminar  fractures  are  generally  complicated  since  the 
dominating  feature  is  broken  fibers.  This  generally  requires  the  use  of  the  SEM 
microscope,  which  is  tedious  and  time  consuming  for  the  accurate  determination  of  the 
fracture  modes  and  crack  growth  directions.  The  optical  microscope  does  not  have  the 
depth  of  focus  to  evaluate  these  extremely  rough  surfaces.  Crack  mapping  can  be 
performed  by  first  creating  a  photographic  montage  of  the  fracture  region  at  low 
magnifications,  followed  by  drawing  arrows  delineating  crack  growth  directions  on  the 
montage  during  higher  magnification  inspections  of  the  fiber  ends. 

The  following  paragraphs  provide  insight  into  the  use  of  the  SEM  in  identifying  the  salient 
features  and  relating  them  to  determination  of  the  failure  sequence.  Where  applicable, 
macroscopic  methods  are  presented  which  can  be  used  to  select  smaller  localized  areas 
for  investigations  by  the  SEM. 

4.2.2. 1  Translaminar  Tension  Fractures 

Macroscopically,  translaminar  tension  fractures  exhibit  an  extremely  rough  topography, 
with  large  amounts  of  fibers  protruding  out  of  the  major  fracture  plane,  as  presented  in 
Figure  4-28.  The  general  appearance  depends  largely  upon  the  strength  of  the  fiber 
matrix  bond.  Comparatively,  strongly  bonded  laminates  tend  to  be  more  planar  and  the 
fibers  tend  to  fail  in  groups  or  bundles,  while  the  lower  bond  strength  materials  are  more 
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Figure  4-28.  Macroscopic  View  of  a  Translaminar  Tension  Fracture 
From  a  Unidirectional  Laminate 
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complex  and  fibrous.  Macroscopic  inspection  of  plies  that  are  oriented  parallel  to  the 
principal  tensile  direction  often  exhibit  radial  lines,  or  ridges,  that  radiate  from  an  origin 
source  and  can  be  used  to  more  rapidly  determine  the  overall  direction  of  crack 
propagation  (Figure  4-28).  Macroscopic  inspection  of  fracture  surfaces  of  plies  that  are 
oriented  at  an  angle  to  the  loading  direction  fail  by  a  combination  of  interlaminar  and 
translaminar  shear  which  are  extremely  complicated  and  do  not  usually  reveal  any  gross 
overall  feature  that  can  be  used  to  determine  fracture  direction.  This  should  be  kept  in 
mind  when  examining  translaminar  fractures  of  laminates  that  have  multiple  ply 
orientations. 


Fiber  end  fracture,  fiber  pullout,  and  matrix  fracture  are  the  characteristic  fractographic 
features  of  translaminar  tension  failures.  Usually,  little  or  no  delamination  is  evident  at 
the  fracture  surface,  although  secondary  shear  cracks  running  parallel  to  the  fiber  axis 
can  often  be  found  intersecting  the  main  fracture  surface.  Brittle  tensile  failure  of 
individual  fibers  is  the  primary  operative  failure  mechanism,  with  shear  fracture  of  the 
surrounding  matrix  considered  as  secondary.  As  stated,  fibers  fracture  in  groups  (bundles) 
in  high  strength  laminates,  where  the  fibers  in  each  bundle  have  a  relatively  flat,  common 
fracture  plane  (Figure  4-29).  Figure  4-30  presents  the  typical  radial  morphology  found  on 
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the  broken  fiber  ends.  This  radial  pattern  is  analogous  to  the  chevron  features  of  tension 
fractures  in  metals  with  bar  or  rod  forms.  The  faint  lines  radiate  from  the  point  of  fiber 
fracture  initiation  and  thus  indicate  the  direction  of  crack  propagation  for  each  individual 
fiber.  Consistent  with  brittle  failures,  the  fiber  origins  are  primarily  located  at  flaws  or 
notches  in  the  rough  surfaces,  although  some  initiate  at  internal  flaws  such  as  voids. 

Tension  failure  does  not  usually  progress  by  a  well  defined  crack  front.  Due  to  flaw 
sensitivity,  the  fracture  process  involves  a  series  of  zones  in  which  all  the  fiber  breaks 
within  each  zone  originate  at  a  single  fiber.  Thus,  the  crack  front  actually  consists  of 
numerous  isolated  fracture  zones  (at  different  planes)  that  coalesce  and  propagate  in  the 
overall  growth  direction.  This  phenomena  produces  the  distinct  fracture  zones  commonly 
referred  to  as  fiber  bundles.  Fiber  ends  tend  to  fracture  in  a  variety  of  directions, 
although  they  are  often  noticeable  biased  in  a  single  overall  direction.  Through  extensive 
SEM  mapping  of  the  fiber  ends  (Figure  4-31)  the  macroscopic  growth  direction  can  be 
determined.  Extreme  caution  must  be  exercised  in  the  evaluation  of  isolated  fibers  that 
protrude  from  the  main  surface.  To  increase  accuracy,  many  areas  of  crack  growth 
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Figure  4-31 .  SEM  Photomicrograph  Showing  Direction  of  Crack  Propagation 
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should  be  evaluated  during  the  crack  mapping  process;  particularly  bundles  which  fracture 
on  a  plane  relatively  close  to  the  overall  fracture  plane. 

4.2.2.2  Translaminar  Compression  Fractures 

Macroscopically,  fractures  produced  under  uniaxial  compression  exhibit  gross  buckling, 
extensive  delamination,  and  over-running  of  the  delamination  planes  (Figure  4-32).  An 
end-on  view  of  the  broken  fiber  ends  reveals  a  distinct,  flat  fracture  surface  with 
extensive  post  fracture  damage.  This  condition  of  flat  fracture  is  particularly  evident  for 
plies  that  are  oriented  parallel  to  the  axial  compression  loading,  as  shown  in  Figure  4-33. 
Often  obliteration  of  the  fracture  surface  details  occurs  due  to  relative  post-failure 
motion  between  the  fractured  surfaces  in  contact  (Figure  4-34).  The  surface  is  much 
flatter  than  the  translaminar  tension  fractures  and  is  virtually  devoid  of  pulled-out  fibers. 
Fiber  buckling,  fiber-end  fracture,  resin  shear  fracture,  and  post-fracture  damage  are  the 
primary  characteristic  fractographic  features  of  translaminar  compression  fractures. 

Compression  microbuckling  is  the  primary  operative  failure  mechanism  for  laminates 
which  do  not  have  extensive  lateral  through-thickness  stability.  This  mechanism  involves 
localized  microscopic  buckling  of  the  individual  fibers  at  a  point  in  which  a  maximum 
lateral  instability  exists.  Under  compressive  microbuckling,  kinking  of  the  fiber  causes 
fracture  at  least  two  locations,  (Figure  4-35),  with  each  fracture  separated  by  5  to  10 
fiber  diameters.  Short  sections  of  fibers  with  this  length  can  often  be  seen  on  the 
fracture  surface.  Figure  4-36  illustrates  the  typical  flexural  fracture  morphology  found 
on  the  fiber  ends.  The  portion  of  the  fiber  end  which  exhibits  a  radial  morphology  is  due 
to  tensile  separation,  while  the  smooth,  or  ratcheted  topography  represents  the 
compressive  portion  of  fiber  fracture.  The  distinct  line  separating  these  portions  on  the 
fiber  end  is  the  neutral  axis  line.  For  each  individual  fiber,  the  direction  of  flexure  and 
failure  occurs  normal  to  the  neutral  axis  line.  For  a  given  fiber,  the  compression  and 
tension  portions  are  reversed  when  comparing  the  two  breaks.  Therefore,  a  singular  crack 
direction  cannot  be  determined,  although  the  individual  fiber  fracture  propagates 
perpendicularly  to  the  neutral  axes  lines. 

The  neutral  axis  lines  are  commonly  found  parallel  to  one  another  in  a  given  region, 
indicating  that  microbuckling  occurs  on  a  local  scale  in  a  concerted  manner  and  in  a 


Figure  4-33  End-  View  of  Translaminar  Compression  Fracture 
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Figure  4-34.  SEM  Micrograph  of  Compression- 
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unified  direction,  as  presented  in  Figure  4-37.  Preliminary  controlled  crack  growth 
studies  have  shown  that  the  neutral  axis  lines  are  often  biased  at  an  angle  parallel  to  the 
direction  of  induced  crack  propagation.  This  indicates  that  flexural  fiber  collapse,  and 
thus  crack  propagation  on  a  microscopic  scale,  often  occurs  transverse  to  the  gross 
overall  crack  direction;  therefore,  neutral  axis  lines  cannot  be  used  to  determine  the 
direction  of  crack  propagation. 

Laminates  which  have  superior  constraint  in  the  through-thickness  direction  or  excellent 
fiber/matrix  interfacial  strength  are  not  as  subject  to  localized  deiaminations  or 
microbuckling  of  the  plies.  In  this  case,  the  fibers  fracture  on  a  microscale  due  to  shear, 
with  individual  fiber  ends  exhibiting  a  slant  type  fracture,  as  shown  in  Figure  4-38. 

4.3  INTERLAMINAR  FRACTURE  MAPPING 

Crack  mapping  has  profound  significance  upon  the  success  of  determining  the  origin 
locations  and  sequence  of  failure.  Using  microscopic  techniques  presented  in  the 
following  paragraphs,  the  localized  direction  of  crack  propagation  can  be  determined. 

The  recommended  technique  of  crack  mapping  uses  the  lowest  magnification  capable  of 
performing  the  job.  This  recommendation  is  made  because  one  of  the  fundamental 
problems  in  detailed  microscopy  of  large  fractures  is  that  there  is  an  extremely  limited 
prospective  on  how  the  area  being  examined  relates  to  the  part  as  a  whole.  The  situation 
is  similar  to  the  old  adage,  "one  can't  see  the  forest  for  the  trees."  With  a  limited 
perspective,  it  is  often  possible  to  improperly  characterize  the  direction,  mode,  or  load 
state  at  fracture.  By  emphasizing  the  use  of  lower  magnifications  for  early 
investigations,  the  FALN  imposes  a  sense  of  perspective  on  the  value  of  later,  high 
magnification  inspections. 

The  use  of  optical  microsocopy  for  crack  mapping  interlaminar  fracture  surfaces  has  been 
proven  to  provide  the  most  information  in  a  given  time  frame  and  therefore  the  most 
accurate  and  unbiased  determination  of  the  directions  of  crack  propagation.  Optical 
microscopy  allows  direct  observation  of  relatively  large  specimens  in  a  short  period, 
eliminating  the  need  for  specimen  preparation  or  specimen  selection  required  for  SF.M 
analyses.  SEM  analysis  is  basically  slow  and  cumbersome  due  to  the  need  to  constantly 
refocus  during  perusal  of  the  fracture  surface.  As  a  result,  the  number  of  crack  growth 
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determinations  per  unit  time  is  significantly  reduced  relative  to  optical  microscopy, 
therefore  greatly  reducing  the  overall  accuracy  of  the  crack  mapping  process,  particularly 
for  ill-defined  crack  growth  regions.  Through  direct  scanning  of  the  delamination 
surfaces  with  the  optical  microscope,  features  such  as  river  marks  and  hackle  formation 
can  be  resolved.  These  features,  as  described  above,  can  be  used  to  determine  the 
localized  crack  propagation  direction  and  allows  the  investigator  to  work  back  to  the 
origin  region.  A  few  of  the  basic  methods  of  optical  crack  mapping  are  discussed  in  the 
following  paragraphs,  however  the  photomicrographs  presented  were  taken  with  the  SEM, 
primarily  due  to  its  ability  to  document  fracture  features  at  higher  magnifications  better 
than  the  optical  microscope. 

The  basic  steps  to  crack  mapping  an  interlaminar  fracture  surface  are: 

•  Sectioning  open  the  fracture  surfaces  to  minimize  artifacts. 

•  Reducing  specimen  size  to  fit  on  the  optical  microscope  stage. 

•  Producing  a  full  size  copy  of  the  fracture  surface. 

•  Cleaning  the  fracture  surfaces  if  necessary. 

•  Performing  crack  growth  determinations  with  the  optical  microscope. 

•  Determining  overall  crack  growth  directions  by  averaging  microscopic  data. 

Cutting  open  the  delamination  surfaces  usually  involves  severing  the  laminate  at  the 
crack  tip  of  the  delamination  as  revealed  by  ultrasonic  inspection.  Successive  cuts  should 
be  made  until  the  laminate  separates  into  two  pieces.  If  localized  fiber  bridging  occurs, 
they  can  be  severed  by  cutting  with  a  scissors.  Effort  should  be  made  to  prevent  any 
delamination  growth  which  often  cannot  be  differentiated  from  cracking  caused  during 
the  fracture  event.  Further  cutting  is  often  required  to  downsize  the  specimen  to  fit  on 
the  optical  microscope  stage  (usually  about  10  cm  by  10  cm  for  an  upright  bench 
microscope). 


For  a  worksheet  by  which  to  document  the  crack  growth  directions,  a  full  size  replica  of 
the  fracture  surface  can  be  made  with  a  copy  machine  set  in  the  lightest  reproduction 
mode.  This  provides  a  worksheet  which  is  superior  to  hand-drawn  sketches  (inaccurate)  or 
photographs  (expensive  and  time  consuming). 

A  quick  optical  examination  of  the  fracture  surface  can  provide  information  regarding 
whether  to  clean  the  fracture  surface  prior  to  detailed  crack  mapping.  Cleaning  should 
not  be  performed  if  evidence  of  contamination  is  found. 

Performance  of  the  actual  crack  mapping  process  involves  the  interpretation  of  the 
identifiable  microscopic  fracture  surface  features  as  related  to  localized  crack  growth 
directions.  Most  optical  microscope  crack  mapping  requires  magnifications  in  the  range 
of  200X  to  800X.  This  magnification  is  required  to  resolve  the  fine  river  marks  and 
hackle  features  between  the  closely  spaced  fibers.  Resin  rich  fracture  areas  such  as  those 
found  between  plies  (or  between  tows  for  woven  laminates)  can  be  fairly  easily  mapped 
toward  the  lower  end  of  this  magnification  range  due  to  the  larger  features  present. 
Caution  should  be  taken  when  mapping  these  isolated  resin  rich  regions,  with  direct 
substantiation  by  examination  of  the  surrounding  regions  which  have  more  fiber 
reinforcements.  Since  the  fracture  process  actually  involves  a  continual  repetition  of 
crack  initiation  at  the  fiber/matrix  interface  and  subsequent  crack  growth  in  the  matrix 
toward  the  next  fiber,  the  fracture  features  can  often  be  overwhelming  and  confusing.  On 
a  microscopic  scale,  the  fracture  details  such  as  river  marks  and  resin  microflow  are 
often  found  oriented  in  a  variety  of  directions,  even  for  delaminations  with  well  defined 
crack  fronts  and  macroscopic  growth  directions  (Figure  4-39).  As  a  result,  accuracy 
during  crack  mapping  is  maximized  by  determining  as  many  localized  crack  growth 
directions  in  a  given  area  as  economically  feasible.  This  often  requires  mapping  as  many 
as  10  to  20  locations  per  square  inch.  This  can  be  done  by  scanning  the  surface  by  stage 
translation  and  focussing  at  the  same  time.  Once  an  "average"  direction  of  the 
microscopic  features  has  been  obtained  using  the  methods  of  determination  of  crack 
propagation  described  above,  an  arrow  denoting  this  direction  should  be  placed  on  the 
photocopy.  For  tension  dominated  growth  regions,  single-headed  arrows  and  for  shear 
dominated  growth  regions,  double-headed  arrows  should  be  drawn  on  the  map.  By  creating 
these  maps  for  the  entire  fracture  surface,  the  overall  average  microscopic  crack  growth 
directions,  and  possibly  the  origin  location,  can  be  determined. 


Figure  4-39.  SEM  Photomicrographic  Montage  Showing  Crack  Propagation  Direction  Mapping 
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4.4  CRACK  ORIGIN  ANALYSIS 


When  a  crack  origin  has  been  determined,  the  primary  emphasis  is  placed  upon  identifying 
the  cause  of  crack  initiation.  Due  to  the  complex  nature  of  the  fiber  reinforced  laminate, 
crack  origins  are  often  much  less  defined  than  found  in  metal  fractures.  While  most 
metal  fractures  can  be  related  to  a  very  specific  site  of  initiation,  composites  tend  to 
exhibit  origins  that  encompass  a  fairly  large  region.  Sometimes  this  region  can  be  as 
large  as  several  inches  in  diameter,  dependent  upon  the  size  of  the  part,  the  relative 
strain  at  failure,  and  other  contributary  conditions  such  as  contamination  and  local  part 
geometry.  As  a  basic  rule  of  thumb,  fractures  that  have  a  large,  relatively  ill-defined 
origin  with  significant  post-failure  damage  at  the  origin  are  exemplary  of  failures  that 
occurred  at  a  load  close  to  the  maximum  strains  for  the  entire  part.  This  usually 
indicates  a  more  desirable  condition  than  failures  exhibiting  a  relatively  small  origin 
which  is  easily  defined  on  a  microscopic  scale.  These  origin  types  are  often  a  result  of 
localized  defect  conditions  such  that  the  strength  at  failure  is  low  or  the  strains  are 
locally  magnified  such  as  at  a  notch. 

Analysis  of  the  origin  region  should  concentrate  on  determining  if  anomalous  conditions 
existed  which  may  have  either  caused  or  contributed  to  the  failure  event.  A  wide  variety 
of  defect  conditions  or  design  details  should  be  considered  when  performing  the  analysis 
of  the  origin.  Figure  4-40  presents  a  checklist  of  the  possible  defect  conditions  which  can 
be  considered.  Information  obtained  regarding  any  of  these  defect  conditions  or  fracture 
details  such  as  local  geometry,  ply  interfaces  which  delaminated,  load  conditions  in  the 
region  (tension,  shear,  compression,  etc)  should  all  evaluated  for  criticality.  Often  stress 
analysis  is  required  to  accurately  assess  the  overall  criticality  of  the  specific  information 
obtained  in  the  origin  region.  Special  care  should  be  taken  to  not  "brush  off"  seemingly 
small  anomalous  conditions  since  synergistic  or  accumulative  situations  can  occur  which 
may  not  be  immediately  obvious  to  the  investigator. 

4.5  ENVIRONMENTAL  EFFECTS 


Conditions  of  environmental  extremes  have  been  shown  to  significantly  reduce  the  overall 
strength  of  composites.  Therefore,  the  investigator  should  be  aware  of  the  typical 
fracture  features  that  can  be  identified  when  failure  occurs  under  conditions  of 


DAMAGE  DEFECT  CHECKLIST 


•  FASTENER  HOLE  DAMAGE 
•BACK  SURFACE  DELAMINATION 

•  NOTCHED  BORE 

•  EXCESSIVE  COUNTERSINK 
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•  SAW  CUT 

•  FOREIGN  OBJECT  INCLUSION 
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•  VOIDS 
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•MATERIAL  STRUCTURE  DISCONTINUITY 
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—  LAP/GAP 
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•  ENVIRONMENTAL  EFFECTS 
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temperature  and  absorbed  moisture.  Environmental  extremes  at  fracture  tend  to  exhibit 
a  more  dramatic  difference  in  the  fracture  features  for  translaminar  fractures  than 
delaminations,  particularly  on  a  macroscopic  scale.  Although  small  differences  in 
environmental  conditions  cannot  be  readily  identified  in  carbon/epoxy  systems,  large 
differences  can  be  readily  identified.  Studies  of  fractures  produced  over  a  wide  range  of 
environmental  conditions  revealed  that  the  general  fractographic  features  that  are  used 
to  identify  the  mode  of  fracture  (tension,  shear,  etc)  and  identify  the  direction  of  crack 
propagation  are  not  significantly  affected. 

4.5.1  Translaminar  Fractures 

Typical  translaminar  fractures  generated  at  room  temperature  exhibit  combined  features 
of  good  fiber-matrix  adhesion,  limited  fiber  pullout,  and  a  tendency  of  the  fibers  to  fail  in 
bundles.  However,  translaminar  fractures  generated  under  hot/wet  environmental 
conditions  approaching  the  glass  transition  temperature  exhibit  greater  levels  of  fiber 
pullout,  combined  with  significantly  less  resin  adhering  to  the  fiber  surface.  Additionally, 
similar  fractures  generated  under  dry  conditions  at  -65°F  reveal  very  limited  amounts  of 
fiber  pullout,  with  extensive  amounts  of  residual  resin  on  the  fiber  surface.  In  general, 
these  observations  are  in  agreement  with  published  literature  and  illustrate  the  significant 
reduction  in  matrix  shear  strength  or  fiber-to-matrix  interfacial  strength  that  tends  to 
occur  under  elevated-temperature  and  high  absorbed  moisture  conditions.  Figure  4-41 
illustrates  the  tendency  toward  increased  fiber/matrix  separation  and  individual  fiber 
pullout  in  wet  specimens  experiencing  an  increase  in  temperature. 

4.5.2  Delamination  Fractures 

For  delamination  fractures,  similar  tendencies  are  evident  for  conditions  of  increasing 
amounts  of  absorbed  moisture  and  temperature.  Fractures  in  177°C  cure  epoxy  systems 
which  occur  at  temperatures  below  approximately  90°C  are  very  similar  in  appearance  to 
the  room  temperature  fractures.  However,  above  this  temperature  range,  increased 
fiber/matrix  separation  is  evident  and  the  fracture  plane  tends  to  occur  within,  or 
adjacent  to,  densely  packed  fiber  regions  within  the  lamina,  resulting  in  a  fiber-dominated 
fracture  appearance,  with  small,  localized  regions  of  resin  fracture  (Figures  4-42  and  4- 
43). 


270°  F  wet  condition 


Figure  4-41.  SEM  Micrographs  ol  Translammar  Fracture  Conditions  at  Different  Temperatures 
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Figure  4-43  High  Magnification  SEM  Series  of  0/0-deg  Interface  Mode  II  (Shear) 
Fractures  Showing  Features  of  Fiber-Matrix  Separation 
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4.6  SUMMARY  OF  COMPOSITE  MATERIALS  FRACTOGRAPHY 


The  information  presented  in  the  following  paragraphs  provide  the  reader  with  a  short 
summary  of  the  current  understanding  of  fractography  of  composite  materials.  The  items 
included  are; 

•  Crack  propagation  in  brittle  resin  based  composites. 

•  Crack  propagation  in  ductile  resin  based  composites. 

•  Determination  of  fracture  modes  (tension,  shear,  compression). 

•  Variables  affecting  fracture  appearance^ 

Mixed  modes 

Temperature  and  absorbed  moisture 
Processing  defects 
Chemical  release  agents 
Voids/porosity 
Material  forms 
Post-failure  environment 
Water  immersion  after  fracture 
Fatigue  loading 

With  an  exception  of  the  paragraph  on  crack  growth  of  ductile  resin  based  materials,  the 
discussion  is  focused  on  the  carbon  fiber/epoxy  resin  system  which  currently  is  extensively 
used  in  the  aerospace  industry. 

4.6.1  Brittle  Resin  Composite  Crack  Growth 

The  term  "brittle"  in  regard  to  fractography  denotes  a  material  that  fractures  with  very 
little  plastic  deformation  during  crack  growth  and  thus  absorbs  a  small  amount  of  energy 
during  failure.  Obviously  this  is  simply  a  relative  term  which  can  be  used  to  compare  two 
or  more  materials  in  terms  of  fracture  toughness.  Crosslinked  thermosets  and  some 
thermoplastics  (which  fracture  well  below  their  Tg)  are  included  in  this  category. 
Microstructurally,  brittle  resins  fracture  due  to  locally  resolved  tensile  stresses,  resulting 
in  a  cleavage  type  fracture  appearance  with  river  marks  and  resin  microflow.  Mode  1 
tension  resin  fractures  regions  appear  flat,  normal  to  the  applied  load.  The  Mode  II  shear 


resin  fracture  regions  exhibit  the  telltale  45  degree  tilted  resin  platelets,  or  hackles.  In 
these  conditions  of  pure  in-plane  shear,  the  fracture  occurs  by  resolved  tension  resulting 
in  hackles  and  scallops  with  river  marks  and  resin  microflow  present.  Cracking  is 
continually  reinitiating  and  propagating  from  the  fiber-matrix  interface.  Crack  growth 
occurs  in  the  direction  of  river  mark  coalescence  (Mode  1  tension)  and  for  Mode  II  shear 
delaminations,  growth  is  parallel  to  the  direction  of  hackle  tilt.  Crack  mapping  utilizes 
these  features  to  identify  macroscopic  loading  conditions,  overall  crack  growth  directions 
and  origin  locations. 

4.6.2  Ductile  Resin  Composites  Crack  Growth 

As  with  the  term  of  "brittle",  "ductile"  is  a  relative  term  denoting  material  systems  which 
exhibit  high  fracture  toughness  and  ductility,  or  plastic  deformation,  at  the  crack  tip. 
These  materials  are  the  thermoplastic  resin  based  systems.  Microstructurally,  ductile 
resins  facture  due  to  crazing,  shear  banding,  and  void  coalescene.  During  crazing,  the 
long  chain  molecules  are  realigned  in  the  locally  resolved  tension  direction  and  microvoids 
form  in  this  region.  These  microvoids  account  for  the  visible  stress-whitening  commonly 
observed  in  many  fractured  or  highly  stressed  plastics.  During  crack  growth,  extensive 
local  deformation  occurs,  somewhat  similar  to  that  seen  in  ductile  aluminum  alloys  during 
static  tension  fracture,  in  which  no  cleavage  features  are  generated.  To  date,  no 
conclusive  methods  or  telltale  fracture  features  have  been  identified  which  could  be  used 
to  determine  the  crack  growth  directions.  However,  some  resins  do  exhibit  tilted 
platelets  (similar  to  hackles)  under  Mode  II  shear  conditions,  such  that  the  investigator 
can  differentiate  between  Mode  l  tension  and  Mode  II  shear  fractures. 

4.6.3  Fracture  Mode  Determination  (Tension,  Shear,  and  Compression) 

For  interlaminar  fractures,  the  mode  can  be  determined  as  follows: 

•  Mode  (  tension  dominated  fractures  exhibit  fiat  resin  fracture  between  each 
fiber,  with  river  marks  and  resin  microflow  as  the  dominant  features. 

•  Mode  II  shear  dominated  fractures  exhibit  rough  resign  fracture  between  each 
fiber,  with  hackles  and  scallops  as  the  dominant  features. 
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Fop  translaminar  fractures,  the  mode  can  be  determined  as  follows: 

•  Tension  dominated  fractures  exhibit  a  rough  morphology,  with  fibers 
protruding  at  various  heights  from  the  surface.  Close  inspection  of  the 
individual  fiber  ends  reveal  radial  lines  indicative  of  tensile  failure. 

•  Compression  dominated  fractures  exhibit  a  smooth  morphology,  with  most  of 
the  fibers  broken  at  a  common  plane.  Extensive  damage  is  common  due  to 
rubbing  between  the  mating  fracture  surfaces.  Close  inspection  of  the 
individual  fiber  ends  reveal  a  neutral  axis  line  with  tensile  radials  on  one  side 
of  the  line  and  compression  fracture  on  the  other  side. 

4.6.4  Mixed  Mode  Loading  Effects 

Currently,  the  understanding  is  rather  incomplete  in  regard  to  how  the  appearance  of  the 
interlaminar  fracture  surface  is  affected  when  fracture  occurs  under  loading  conditions 
between  pure  Mode  I  tension  and  pure  Mode  II  shear  (mixed  mode).  The  accepted  theory  is 
that  since  cracking  occurs  on  a  microscale  due  to  locally  resolved  tensile  stresses,  as  the 
laminate  stresses  move  from  Mode  I  to  Mode  II  the  resolved  principal  tensile  stresses 
rotate.  As  a  result,  the  flat  resin  fracture  regions  between  fibers  become  progressively 
more  tilted  until  they  reach  a  45  degree  angle  (hackles).  Until  a  firm  understanding  of 
how  this  relates  to  the  ability  to  determine  crack  growth  directions,  it  is  advisable  to 
concentrate  analyses  in  delamination  regions  which  exhibit  a  dominance  of  either  tension 
of  shear  loading  at  fracture. 

4.6.5  Temperature  and  Absorbed  Moisture  Effects 

For  the  brittle  thermoset  materials  systems,  the  effects  of  temperature  and  moisture 
content  do  not  significantly  alter  the  overall  fracture  mechanisms  or  features.  As  a 
result,  examination  of  the  characteristic  fracture  features  remains  a  viable  means  of 
determining  the  mode  and  direction  of  crack  growth.  Slight  differences  in  features  are 
usually  apparent  only  when  temperatures  exceed  one  half  of  the  Tg,  and  temperature 
appears  to  have  more  of  a  pronounced  effect  than  absorbed  moisture.  These  differences 
are  usually  not  great  enough  to  verify  conditions  at  fracture  unless  great  care  is  taken  to 


compare  features  with  controlled  fracture  specimens  for  the  identical  material  system. 
The  general  theory  is  that  increased  temperatures  and  absorbed  moisture  contents 
decrease  the  strength  of  the  fiber-matrix  interface  and  increase  the  ductility  of  the  resin. 
As  a  result,  the  interlaminar  fractures  tend  to  occur  at  locations  with  higher  fiber  volume 
fractions,  as  opposed  to  the  resin  rich  region  between  plies.  For  the  translaminar  tension 
fractures,  elevated  temperatures  and  absorbed  moisture  contents  result  in  increased  fiber 
pullout  and  lower  amounts  of  resin  is  seen  adhering  to  the  sides  of  the  fibers. 

4.6.6  Processing  Defects  Effects 

Some  of  the  processing  defects  which  can  have  a  direct  effect  on  the  fracture  appearance 
include  porosity,  chemical  and  particulate  contamination,  fiber  waviness,  and  resin 
rich/starved  regions.  These  defects  result  in  reduced  strength  of  the  laminate  and  often 
contribute  to  crack  initiation  and  growth.  Voids  appear  smooth,  lack  fracture  features, 
and  their  perimeter  is  distinct  and  rounded.  Usually  the  voids  do  not  act  as  crack 
initiation  sites,  but  rather  reduce  the  overall  delamination  strength  by  simply  a  reduction 
in  resin  volume.  Chemical  release  agents  present  a  situation  where  a  bondline  does  not 
cohesively  bond,  resulting  in  a  smooth  and  featureless  adhesive  separation.  These  areas 
differ  in  appearance  to  voids  since  they  affect  a  much  larger  area  and  are  not  bounded  by 
a  distinct  perimeter. 

4.6.7  Material  Forms  Effects 

Generally,  fractures  in  laminates  produced  from  tape,  fabric,  or  filament  winding  raw 
material  forms  all  exhibit  the  basic  resin  and  fiber  fracture  features  that  has  been 
presented  in  this  document.  The  methods  used  to  determine  the  crack  growth  directions 
and  the  mode  of  fracture  are  identical  for  all  forms. 

For  interlaminar  fractures,  crack  mapping  is  easiest  and  often  more  reliable  in  the  local 
regions  which  exhibit  the  highest  resin  volume  fraction,  that  is  between  cross-plies  of 
tape  and  at  the  intersection  points  of  the  fabric  tows.  This  is  particularly  true  for  Mode  I 
tension  cracks  where  river  marks  are  larger  and  more  easily  identified.  With  this  in  mind, 
it  is  understandable  that  filament  winding  is  more  difficult  to  analyze  since  very  few,  if 
any,  of  these  resin  rich  regions  exist. 


For  translaminar  fractures,  the  filament  wind  and  tape  forms  appear  identical  for  both 
tension  and  compression  features.  Translaminar  fabric  forms  exhibit  each  individual  tow 
on  a  microscopic  scale;  however,  at  high  magnifications  the  features  present  on  the  fiber 
ends  are  similar  to  the  other  two  forms.  Often  less  fraying  and  splitting  of  the  laminate 
occurs  with  fabric  since  it  is  held  together  by  cross-weaving  each  tow. 

4.6.8  Post-Failure  Environment  Effects 

Several  sources  of  damage  to  the  fracture  surfaces  exist  following  a  component  failure. 
These  sources  can  be  categorized  as  either  chemical  or  mechanical. 

The  chemically  induced  damage  sources  include  solvents,  acids,  alkaline,  and  complex 
compounds  such  as  hydraulic  fluid  or  flame  retardant.  The  general  result  is  usually  a 
softening  or  loss  of  fine  fracture  surface  details  such  as  river  marks,  resin  microflow, 
hackles,  and  scallops.  Often  a  by-product  or  residue  is  present  which  can  be  determined 
by  chemical  analysis  methods. 

Mechanical  damage  sources  include  fatigue  or  sonic  rubbing  between  the  mating  fracture 
surfaces  during  service  or  involves  damage  by  poor  handling  practices.  In  nearly  all  cases 
the  fracture  surfaces  are  mechanically  abraded  and  exhibit  fine  parallel  lines  on  the 
fracture  surfaces  due  to  rubbing. 

4.6.9  Fatigue  Effects 

The  specific  mechanisms  for  fatigue  of  brittle  composite  materials  is  not  fully  understood 
at  this  time.  The  major  unanswered  question  is  whether  cracking  occurs  due  to  plastic 
deformation  of  the  crack  tip  (such  as  seen  in  aluminum)  or  due  to  a  simple  crack 
arrest/crack  initiation  (similar  to  beach  marks  seen  visually).  Laboratory  induced 
interlaminar  fractures  of  small  coupons  have  been  produced  which  exhibit  finely  spaced 
lines  similar  to  striations  in  metals.  In  Mode  I  tension  the  "striations"  appear  in  the  resin 
fracture  regions,  whereas  the  Mode  II  shear  fractures  reveal  these  sets  of  parallel  line  at 
the  fiber-matrix  interface.  Larger  structures  which  have  been  cyclically  loaded  to  failure 
exhibit  only  very  isolated  and  faint  striations.  These  regions  of  fatigue  are  often 
extremely  difficult  to  locate;  since  so  far  we  have  not  visually  or  macroscopically 
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5.0  CASE  HISTORIES  OF  COMPOSITE  FAILURE  ANALYSES 


The  case  histories  presented  in  this  section  are  intended  to  provide  the  investigator  with  a 
basic  understanding  of  the  overall  post-failure  analysis  process,  involving  the  three 
fundamental  areas  required  to  identify  the  sequence  and  cause  of  failure  of  the 
component.  These  fundamental  areas  are: 

1)  The  use  of  the  failure  analysis  logic  networks  (FALNS)  which  provide  the  guidelines 
delineating  the  logical  sequence  of  investigative  operations. 

2)  The  application  of  the  analytical  tools  to  best  determine  the  physical  characteristics 
present  within  the  failed  part. 

3)  The  interpretive  methodology  and  decisions  which  provide  the  evidence  and 
rationale  to  determine  the  causes,  sequences,  and  contributary  factors  related  to 
part  failure  (with  the  most  direct,  accurate,  timely  and  cost  effective  methods 
available). 

The  use  of  these  fundamental  and  interdependent  investigative  methods  are  applied  to 
each  of  the  post-failure  analyses  presented  in  this  section.  These  case  histories  provide  a 
valuable  reference  source  of  several  typical  fracture  analyses.  Each  example  provides  a 
basic  illustration  of  the  sequence,  analytical  tools,  results,  and  decisions  involved.  The 
collection  and  review  of  background  information,  nondestructive  evaluations,  materials 
characterization,  fractography  and  stress  analysis  all  contributed  to  the  determination  of 
the  cause  of  failure. 

5.1  THE  737-300  ELEVATOR  TEST  BOX 

5.1.1  Background  History 

Figure  5-1  illustrates  a  portion  of  a  graphite/epoxy  tapered  box  structure  which  fractured 
during  test.  This  graphite/epoxy  box  consisted  of  two  honeycomb  skin  panels  fastened  to 
a  spanwise  spar  with  intermediate  chordwise  ribs.  A  review  of  the  test  history  revealed 
that  premature  fracture  occurred  during  hingeline  deflection  of  the  front  spar. 


NOTE  Figure  illustrates  orientation  and  direction  of  applied 
loads  and  approximate  fracture  location  and  type. 


Figure  5-1 .  737-300  Elevator  Static  Test  Evaluation 
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5.1.2  Nondestructive  Examination 


Initial  nondestructive  visual  inspection  of  the  fractured  box  revealed  several  through¬ 
thickness  translaminar  cracks  in  the  forward  and  trailing  edges  of  the  compression  loaded 
skin  panel.  Upon  further  examination,  some  localized  buckling  of  the  skin  panel, 
indicative  of  interlaminar  fracture,  was  evident  between  each  of  these  translaminar 
fractures.  A  nondestructive  evaluation  was  performed  using  C-scan  through  transmission 
ultrasonics  (TTU)  to  define  areas  of  nonvisible  damage  so  the  specimen  could  be  removed 
for  laboratory  investigations  without  damaging  evidence.  The  TTU  scans  were  performed 
over  the  entire  part,  and  revealed  a  roughly  four  inch  wide  band  of  delamination  between 
the  areas  of  through-thickness  skin  fracture  at  the  front  and  rear  spar.  Since  a 
honeycomb  core  was  involved,  X-ray  inspections  of  the  core  damage  to  determine  the 
extent  of  translaminar  damage  was  performed.  Although  some  core  crushing  had  occurred 
in  the  immediate  vicinity  of  the  skin  fracture,  the  core  condition  was  evaluated  in  the 
non-damaged  area  surrounding  the  fracture  and  was  found  to  be  free  of  defects  such  as 
poor  splicing  or  potting. 

5.1.3  Materials  Characterization 

Following  the  definition  of  the  type  and  extent  of  fracture,  tests  were  performed  to 
determine  if  any  major  material  discrepancies  existed  in  either  fabrication  or  processing. 
Accordingly,  sections  of  the  skin,  spar  and  rib  panels  cut  from  nondamaged  regions 
immediately  adjacent  to  the  fracture  and  were  examined  to  verify  the  layup  and 
determine  the  overall  panel  quality.  In  addition,  thermomechanical  analyses  (TMA)  were 
performed  to  verify  the  extent  of  cure.  Since  Boeing  uses  both  250°F  (121°C)  and  350°F 
(177°C)  curing  prepregs,  this  analysis  was  also  performed  to  confirm  the  specified  use  of 
the  350°F  prepregs.  Dimensions  of  skin  panel,  spar  and  rib  details  were  also  measured  and 
checked  against  required  dimensions  and  tolerances.  For  each  of  these  analyses,  all  of  the 
individual  components  of  the  elevator  were  found  to  be  in  proper  compliance  with  the 
drawing,  materials,  and  process  specification  requirements. 
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5.1.4  Practography 

Since  no  discrepancies  were  identified  in  the  above  analyses,  fractographic  examinations 
were  selected  as  the  next  investigative  operation  (see  the  overall  FALN  in  section  2.0). 
Primary  emphasis  was  placed  on  identifying  the  direction  of  crack  propagation,  origin,  and 
any  anomalous  conditions  that  could  be  associated  with  fracture.  To  help  in  the 
examination,  the  delaminated  interlaminar  areas  were  removed  from  the  skin  panel  and 
sectioned  into  approximately  6  inch  by  6  inch  squares  and  examined  optically.  The  optical 
examinations  were  performed  at  400  to  600X  magnification,  which  provided  a  rapid  and 
efficient  means  of  identifying  characteristic  fracture  features.  Scanning  electron 
microscopy  (SEM)  was  performed  on  selected  areas  of  interest  requiring  higher 
magnifications  and  to  document  specific  fracture  features  identified  during  the  optical 
analyses.  The  orientation  of  river  patterns  and  resin  microflow  (Figure  5-2)  observed  on 
the  fracture  surface  were  used  to  generate  a  map  of  the  local  directions  of  crack 
propagation  over  the  fracture  surface.  Although  some  areas  of  interlaminar  fracture 
separated  by  shear  loading  (as  evidenced  by  the  presence  of  hackles  and  scallops),  a 
majority  of  the  fracture  exhibited  Mode  I  tension  river  mark  features.  SEM  analysis  of 
the  translaminar  fracture  regions  were  not  fruitful  in  positively  identifying  the  direction 
of  fracture,  although  the  macroscopic  and  microscopic  analyses  indicated  compressive 
buckling  failure. 

By  reconstructing  the  fracture  process  through  the  interlaminar  crack  mapping  process,  it 
was  discovered  that  crack  initiation  occurred  at  the  periphery  of  a  fastener  hole  located 
at  the  front  spar.  Subsequent  propagation  occurred  in  a  chordwise  direction  across  the 
compression  loaded  skin  panel.  See  Figure  5-2  for  the  arrows  across  the  skin  panel 
illustrating  the  direction  of  the  delamination  process,  particularly  related  to  the  fastener 
hole  and  the  translaminar  crack  near  the  hole.  No  microscopic  anomalies  were  identified 
at  the  origin  region,  and  therefore  no  contamination  analyses  such  as  surface  chemical 
were  required. 

5.1.5  Stress  Analyses 

Since  no  anomalies  were  identified  at  the  origin  area  which  might  explain  premature 
fracture,  detailed  stress  analyses  of  this  area  were  initiated.  These  analyses  evaluated 
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Figure  5-2.  737-300  Elevator  Static  Test  Fracture  Directions 
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both  the  basic  in-plane  panel  strains,  as  well  as  the  buckling  stability  of  the  origin  area 
since  it  was  in  compression  during  fracture.  These  investigations  revealed  that  premature 
skin  buckling  occurred  under  compression  loading  due  to  a  relatively  large  fastener 
spacing  in  this  local  area.  As  a  result  of  these  analyses,  further  attention  was  paid  to  this 
design  detail  and  the  fastener  spacing  was  reduced  to  prevent  the  bucking  mode  that 
precipitated  premature  fracture. 

5.2  JVX  V-22  OSPREY  FULL  SCALE  WING  TEST  BOX 

5.2.1  Background  History 

Analysis  of  the  wing  box  was  initiated  after  premature  fracture  had  occurred  during 
testing  of  the  structure.  Figure  5-3  illustrates  the  central  portion  of  the  forty  five  foot- 
long  structure,  immediately  following  fracture,  with  the  cracking  occurring  in  the  center 
bay  region.  Discussions  with  the  test  and  design  engineers  indicated  that  the  loading 
conditions  were  applied  to  simulate  upward  and  aft  bending  of  the  outboard  ends  of  the 
box,  so  as  to  create  a  maximum  compressive  stress  at  the  upper  skin  surface.  The 
construction  was  found  to  be  a  stringer  stiffened  skin,  with  front  and  rear  spars,  and  the 
ribs  fabricated  from  graphite/epoxy  tape.  At  this  time,  the  manufacturing  data  regarding 
the  specific  materials,  processes,  and  design  (as  well  as  the  intended  operational  envelope) 
were  collected. 

5.2.2  Nondestructive  Evaluation 

Initial  visual  inspections  of  the  damage  region  were  carried  out  to  identify  the  areas  of 
visible  fracture  or  deformation.  As  shown  in  Figure  5-4a,  the  upper  skin  surface  exhibited 
a  branching  translaminar  crack  across  the  entire  surface  (severing  all  five  stringers)  and 
compression  type  translaminar  fracture  morphology  for  both  the  skin  and  stringers  (as 
indicated  by  the  flat  fracture  appearance).  This  macroscopic  translaminar  branching  most 
likely  indicated  the  gross  overall  fracture  direction,  such  that  the  cracking  progressed 
across  the  skin  from  the  rear  spar  region  in  a  chordwise  direction  toward  the  front  spar. 
The  translaminar  cracking  intersected  the  trailing  edge  of  the  skin  at  a  radius  for  a  runout 
of  an  overhanging  tab.  Extensive  delamination  was  evident  on  each  side  of  the 
translaminar  cracking,  often  wedged  open  from  mating  fracture  surface  overrun  during 
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compression  loading.  Figure  5-4b  presents  the  underside  of  the  upper  skin  surface,  at  the 
trailing  edge  tab  region,  illustrating  the  type  and  extent  of  damage. 

The  front  and  rear  spars,  shown  in  Figure  5-5,  were  also  cracked,  each  exhibiting  vertical 
translaminar  fractures  that  appeared  to  intersect  the  upper  skin  fracture.  The  spar  webs 
were  delaminated  around  the  translaminar  cracks,  with  extensive  buckling  indicative  of  a 
compressive  load  at  failure. 

The  lower  skin  surface,  shown  in  Figure  5-6,  was  damaged  in  a  similar  manner  to  the 
upper  skin,  although  to  a  lesser  extent.  The  skin  buckling  also  indicated  a  compressive 
loading.  Since  the  stress  prior  to  fracture  was  supposed  to  be  tensile,  the  neutral  axis 
between  tension  and  compression  must  have  shifted  to  below  the  lower  skin  surface  during 
the  failure  process.  As  a  result  of  these  visual  observations,  it  appeared  that  damage  in 
the  upper  skin  and  spars  occurred  prior  to  cracking  in  the  lower  skin. 

Nondestructive  examinations  were  then  performed  to  determine  the  extent  of  nonvisible 
damage.  While  still  intact  as  a  complete  structure,  the  entire  wing  box  was  subjected  to 
hand-held  pulse  echo  inspection.  This  allowed  determination  of  the  extent  of 
delamination  surrounding  the  translaminar  fracture  as  well  as  checking  the  remaining 
structure  for  any  other  damage  that  may  have  either  contributed  to,  or  occurred  during, 
the  failure.  The  outline  of  the  delaminations  surrounding  the  translaminar  fractures  as 
indicated  by  pulse  echo  are  visible  in  Figures  5-3  through  5-6. 

Following  the  visual  inspections  and  photo  documentation,  the  damaged  central  wing  box 
portion  was  cut  out  and  the  major  components  (skins,  ribs,  spars,  etc)  were  separated  from 
one  another.  During  component  breakdown,  each  fastener  was  carefully  removed  and 
examined  for  proper  fabrication  and  installation.  No  damage  or  incorrect  manufacturing 
anomalies  were  identified  related  to  fastening.  Following  removal  of  the  skins,  spars  and 
ribs  in  the  failure  region,  each  of  these  components  were  subjected  to  C-scan 
through-transmission  ultrasonic  (TTU)  inspections  to  more  accurately  appraise  the  extent 
of  delaminations.  As  shown  in  Figure  5-7,  the  upper  skin  surface  damage  at  the  trailing 
edge  tab  radius  was  easily  defined.  Suspecting  damage  such  as  small  translaminar 
cracking  at  the  radius  on  the  other  side  of  the  tab,  radio-opaque  penetrant  X-ray 
inspection  was  performed  in  this  region,  however  no  damage  was  present. 


(>5025)320- 1 

i»v 

KR  SKIN  ASSY 


» 


Figure  5 -7  Ultrasonic  C-Scan  of  Uppar  Skin  Surface 
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5.2.3  Materials  Characterization 

Materials  characterization  involved  performance  of  the  following  tests  on  all  components, 
with  a  brief  summary  of  the  results: 

•  Degree  of  cure  (Tg)  using  TMA  flexural  method; 

Tg  =  191°C  to  201°C  -  indicating  a  proper  cure  (180°C  specification 
minimum). 

•  Resin  content  using  density  gradient  column  method; 
acceptable  33.8%  to  34.9%  by  weight  (35%  prepreg). 

•  Microstructure/porosity  using  optical  microscopy; 
no  resin  starvation  or  porosity,  no  fiber  waviness. 

•  Ply  count  and  orientation  using  optical  microscopy; 

all  components  in  good  condition  except  slight  ply  discrepancies  in  upper  skin 
near  trailing  edge  tab  radius. 

•  Dimensional  conformance  to  engineering  drawings; 

upper  skin  tab  radius  =  1.5  inch  (drawing  callout  was  3.0  inch).  This 
discrepancy  was  evaluated  by  analysis  for  stress  intensity  factor  (Kt)  effect. 

5.2.4  Fractography 

Using  the  outline  of  the  delamination  generated  by  NDE,  the  fractures  were  abrasively 
sectioned  open  to  minimize  artifacts.  Detailed  crack  mapping  of  the  delamination 
surfaces  was  performed  by  optical  microscopy,  with  documentation  of  the  fracture 
morphologies  obtained  by  the  SEM.  Areas  of  delamination  were  found  to  be  principally 
Mode  l  tension  dominated,  with  localized  Mode  II  shear  regions.  The  overall  crack  growth 
directions,  as  well  as  the  fracture  origin  regions  for  the  upper  skin  surface  and  the  rear 
spar  are  shown  in  Figure  5-8.  These  analyses  revealed  cracking  of  the  upper  skin  initiated 
by  compression  buckling  fracture  mode  at  the  trailing  edge  tab  radius  with  resultant 
fracture  propagating  toward  the  leading  edge.  Similarly,  the  rear  spar  fracture  originated 
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in  a  region  adjacent  to  the  upper  skin  surface.  Crack  mapping  in  this  region  was  very 
inconsistent,  with  a  nearly  random  variation  in  the  microscopic  river  marks  and  hackle 
orientation.  No  anomalous  conditions  such  as  porosity,  resin  starvation,  or  chemical 
contamination  were  identified  in  the  origin  regions. 

Similar  fractographic  analyses  were  performed  on  the  lower  skin  and  front  spar,  with 
crack  mapping  indicating  that  the  fractures  were  a  direct  result  of  the  progression  of  the 
cracking  fror".  the  upper  skin  and  the  front  spar. 

At  this  point  the  question  of  the  sequence  of  failure  between  the  upper  skin  and  the  rear 
spar  was  asked.  Experience  with  fracture  analysis  of  large  composite  structures  indicated 
that  smaller,  well  defined  origin  regions  tend  to  initiate  at  lower  overall  strain  levels  at 
locations  such  as  notches  or  holes  and  therefore  exhibit  less  damage  at  the  origin  zone. 

The  larger,  ill-defined  origin  zones  tend  to  be  indicative  of  overload,  or  rather,  high 
overall  strain  fractures  (with  extensive  damage);  and  are  not  usually  associated  with  notch 
sensitivities  or  defect  conditions.  Using  this  basis  for  a  rationale,  it  appeared  that  the 
upper  skin  surface  which  had  the  small  origin  region,  may  have  initiated  first,  at  the  tab 
radius  which  served  as  a  notch. 

5.2.5  Stress  Analysis 

While  the  efforts  discussed  above  were  being  performed,  several  levels  of  stress  analyses 
were  also  performed.  These  involved  the  initial  design  review  to  check  known  test 
conditions  against  the  design  envelope,  as  well  as  comparing  test  strains  from  the  strain 
gauges  and  coarse  global  analyses  with  the  overall  strain  allowables.  The  next  stage  was 
to  take  inputs  from  the  materials  characterization  and  the  fractography  analyses,  and 
evaluate  the  strain  criticality  at  the  structural  level.  Through  finite-element  analyses,  an 
unanticipated  strain  level  was  identified  at  the  upper  skin  tab  radius,  with  the  notch  Kt 
effect  at  the  radius  contributing  to  the  strain  level.  Subsequently,  two  small  scale 
replicate  panels  were  fabricated,  tested  and  subjected  to  complete  failure  analysis 
investigations.  One  panel  was  fabricated  with,  and  one  without,  the  tab  and  radii  on  the 
skin  surface.  Through  these  verification  test  panels,  it  was  shown  that  by  elimination  of 
the  tab,  and  thus  the  radii,  a  premature  buckling  mode  that  precipitated  fracture  could  be 
prevented. 
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5.3  NASA  HiMAT  WING 

5.3.1  Background  History 

Figure  5-9  presents  the  NASA  HiMAT  wing  section  in  its  as-received  condition.  This  wing 
was  built  by  Rockwell  International  for  a  highly  maneuverable  research  vehicle  to  study 
future  designs  for  the  next  generation  of  U.S.  fighters.  The  composite  wing  is  a  44 
percent  scale  model,  to  lower  overall  program  cost  and  risk.  Following  numerous 
unmanned  test  flights,  the  outboard  sweeping  section  of  the  wing  was  removed  and 
subjected  to  simulated  flight  spectrum  mechanical  testing  in  the  laboratory.  Information 
supplied  at  this  stage  in  the  investigation  regarding  construction  was  very  limited;  the 
outboard  canard  was  found  to  be  fabricated  from  aluminum  alloy  and  the  remaining 
portion  of  the  wing  was  fabricated  from  a  continuous  fiber  reinforced  laminate.  Failure, 
denoted  as  a  loss  of  structural  stiffness,  occurred  during  the  mechanical  testing. 

5.3.2  Nondestructive  Evaluation 

Nondestructive  evaluation  was  performed  on  the  entire  wing  to  determine  areas  of 
damage  or  defect  conditions  caused  from  testing  or  manufacturing.  A  wide  variety  of 
NDE  techniques  were  used,  primarily  to  evaluate  each  technique  and  to  more  completely 
determine  the  construction  of  the  wing.  The  following  techniques  were  applied;  visual 
inspection,  radiography,  through-transmission  ultrasonics  (C-scan),  pulse-echo  (B-scan), 
eddy  current,  and  ultrasonic  bond  testing.  Of  these  six,  the  key  methods  used  to  obtain 
data  were  visual  inspection,  TTU,  and  hand-held  pulse  echo. 

Although  no  visible  primary  translaminar  fractures  were  identified,  visual  examinations 
revealed  several  delaminations  along  the  inboard  edge  (up  to  13  cm  in  length),  disbonds  (up 
to  3  cm  in  length),  and  surface  delaminations  (up  to  13  cm  by  8  cm).  Blunt  gouges  were 
found  at  the  center  of  two  of  the  delaminations  along  the  inboard  edge  of  upper  skin, 
appearing  to  be  mechanically  induced  after  part  cure.  This  damage  may  have  occurred 
during  wing  removal  following  flight  testing.  These  gouges  are  shown  in  Figure  5-10.  On 
the  upper  skin,  an  area  was  mechanically  abraded,  indicative  of  surface  repair. 
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TTU  analysis  provided  a  thorough  scan  of  the  discontinuities  along  the  upper  and  lower 
skins.  The  major  delaminations  and  disbonds  occurred  along  the  inboard  edge  of  the  wing, 
with  the  exception  of  one  donut-shaped  delamination  at  the  center  of  the  wing.  Figures 
5-11  and  5-12  show  the  TTU  hardcopy  printout.  The  areas  indicated  by  alphabetical 
flagnotes  were  delaminations  or  disbonds  which  were  crack  mapped  during  subsequent 
fractographic  examinations.  However,  the  areas  shown  with  numerical  flagnotes  were 
defects  indicated  by  X-ray  such  as  core  to  skin  disbonds,  core  crush,  and  water  in  the  core 
cells. 

The  hand-held  pulse-echo  inspections  revealed  the  depth  of  each  defect.  The  deepest 
delamination  occurred  0.86  cm  (0.34  inches)  below  the  skin  surface.  These  depth 
measurements  became  very  useful  when  the  handmilling  cuts  were  made  to  remove  the 
delamination  regions.  This  allowed  precise  cutting,  reducing  the  extent  of  damage  to  the 
remaining  portion  of  the  wing,  and  allowed  a  more  successful  repair. 

5.3.3  Materials  Characterization 

Following  the  nondestructive  inspection,  material  characterization  of  the  wing  was 
performed  to  verify  material  composition,  ply  orientation,  ply  layup,  and  material 
processing/cure. 


Forward 


Inboard 


Figure  5-12.  NDE  Results  of  the  Upper  Surface 
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The  materials  used  to  construct  the  wing  were  found  to  be  carbon,  boron-tungsten,  and 
fiberglass  fibers  in  an  epoxy  resin.  These  material  constituents  were  identified  by  the 
following  techniques;  scanning  electron  microscopy,  optical  microscopy,  electron  probe 
microanalysis,  and  electron  scattering  for  chemical  analysis  (ESCA).  The  fibers  were 
identified  by  SEM,  ESCA  (Figure  5-13),  and  optical  microscopy  (Figure  5-14).  The  novalac 
based  epoxy  resin  was  identified  by  infrared  spectroscopy. 

The  ply  orientation  and  number  of  plies  were  found  to  be  consistent  with  engineering 
drawing  specifications.  Localized  discontinuities  such  as  resin-rich  and  resin-starved 
regions  (Figure  5-15)  were  usually  caused  by  misalignments  of  the  extremely  large  boron 
fibers.  A  small  amount  of  porosity  was  seen  in  the  graphite/epoxy  plies  between  the  0  and 
90  degree  plies.  These  discontinuities  were  not  found  to  be  associated  with  the 
delamination  regions  and  therefore  were  not  considered  as  contributary  factors  to  the 
cause  of  part  failure. 
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Figure  5-13.  Fiber  Identification  by  Surface  Analysis 
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Using  thermomechanical  analysis  (TMA)  in  the  flexure  mode,  the  Tg  was  found  to  be 
212°C,  consistent  with  specification  requirements  for  a  177°C  cure  system. 

5.3.4  Fractography 

Since  materials  characterization  tests  revealed  that  the  laminate  was  constructed  per 
specification  and  drawing  requirements,  efforts  were  directed  toward  the  determination 
of  the  fractographic  features  related  to  each  of  the  delaminations  identified  by  NDE. 
Using  optical  microscopy,  each  of  the  delaminations  were  crack  mapped  to  determine  the 
mode  of  fracture,  the  origin  location,  and  any  anomalous  conditions  associated  with  the 
origin.  The  fracture  mode  was  primarily  interlaminar  or  intralaminar  Mode  I  tension,  with 
origin  locations  at  edge  defects  or  fastener  bores.  Crack  initiation  was  found  to  be  due  to 
a  variety  of  causes,  including  mishandling,  improper  bonding  of  the  honeycomb,  and 
improper  hole  drilling.  The  delamination  interfaces  were  primarily  between  the  fiberglass 
and  boron  plies  or  between  the  0  and  90  degree  graphite  plies,  which  are  often  considered 
the  weaker  interfaces  in  a  laminate.  Two  delaminations  at  the  edge  of  the  upper  skin 
surface  exhibited  features  indicative  of  crack  growth  by  cyclic  loading,  evident  by  the 
presence  of  macroscopic  beach  marks  (Figure  5-16)  or  extensive  rubbing  damage  of  the 
mating  fracture  surfaces.  Both  of  these  fractures  initiated  at  gouges  at  the  inboard  edge, 
possibly  due  to  mechanical  prying  with  blunt  instruments  during  separation  of  the 
outboard  section  of  the  wing  (following  flight  tests  and  prior  to  laboratory  flight  spectrum 
loading).  No  indications  of  cyclic  crack  growth  (due  to  mechanical  testing)  was  found  on 
the  other  fractures.  Figure  5-17  illustrates  the  features  identified  for  each  of  the 
delamination  regions.  Figure  5-18  presents  several  of  the  fracture  surfaces  with  arrows 
defining  the  direction  of  crack  growth. 

5.3.5  Stress  Analysis 

Stress  analysis  was  not  performed.  This  was  due  to  limited  funding  and  because  the 
majority  of  the  delaminations  were  associated  with  defect  conditions  identified  by  the 
techniques  described  above. 
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Figure  5-16.  Photomicrograph  of  Beach  Marks  Indicative  of  Cyclic  Crack  Growth  and  Crack 
Propagation  Direction 
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,-n  5 -17  Fractography  Results  From  NASA  HiMAT  Wing 
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Figure  5-18,  Crack  Mapping  Results  From  Selected  Delamination  Regions 


5.4  Carbon  Fiber  Reinforced  Plastic  I-Beam 


5.4.1  Background  History 

Figure  5-19  shows  the  I-beam  in  its  as-received  condition.  This  component  was  fabricated 
by  the  personnel  at  the  Air  Force  Wright  Patterson  Aeronautical  Laboratories  (AFWAL). 
Information  regarding  the  component's  layup,  material  composition,  resin  content,  and 
cure  temperature  was  provided  by  AFWAL.  The  component  was  tested  in  a  four  point 
bend  test.  The  I-beam  consisted  of  a  tape  laminate  with  vertical  web  and  two  horizontal 
caps,  similar  to  stringers  used  to  stiffen  skins  on  aircraft  wing  construction.  Small 
vertical  stiffeners  were  secondarily  bonded  at  several  locations  along  the  length  to 
provide  support  of  the  cap  flanges  during  loading.  Efforts  were  aimed  at  determining  the 
cause  of  failure  with  the  quickest  and  lowest  cost  methods  available.  As  a  result, 
examinations  such  as  fractography  were  performed  without  an  SEM,  relying  on 
macroscopic  and  optical  means  of  identifying  the  sequence  and  origin  of  fracture. 

5.4.2  Nondestructive  Evaluation 


NDE  was  performed  on  the  I-beam  to  determine  areas  of  damage  or  defects  caused  from 
testing  or  manufacturing.  Visual  inspection  of  the  beam  revealed  bearing  damage  on  the 
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Figure  5-19  CFRP  I-Beam  in  the  As-Received  Condition 


caps  indicative  of  the  loading  points  during  mechanical  testing.  This  allowed 
determination  of  the  types  of  stress,  (that  is,  compression,  tension  or  shear)  imparted  on 
the  various  regions  of  the  beam.  For  continuity  throughout  this  discussion,  the  upper  cap 
was  compressively  loaded  and  the  lower  cap  was  in  tension  during  flexural  loading. 
Delaminations  were  found  at  two  locations  in  the  upper  cap,  with  remaining  damage 
limited  to  brooming  (localized  buckling)  of  the  small  vertical  stiffeners  immediately 
below  the  two  center  loading  points,  most  likely  due  to  the  compressive  loading.  These 
damage  conditions  are  presented  in  Figures  5-20  and  5-21.  TTU  inspection  required  three 


0  41X 

Figure  5-20.  Regions  of  (a)  Compression  Buckling  and  (b)  Delamination  in  the  Upper  Cap 
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Figure  5-21 .  Regions  of  (a)  Compression  Buckling  and  (b)  Delamination  in  the  Upper  Cap 
Section  of  the  I-Beam 
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scans  to  evaluate  the  entire  beam.  First,  the  vertical  web  section  was  inspected.  Since 
no  delaminations  were  identified,  the  beam  was  cut  longitudinally  along  the  web  to  allow 
separate  TTU  inspection  of  the  caps.  The  lower  tensile  cap  was  not  damaged,  however 
the  upper  compression  cap  was  found  to  be  delaminated  in  the  identical  regions  which 
were  visually  identifiable  (Figure  5-22).  The  upper  cap  was  free  of  delaminations  in  the 
central  region  between  the  two  loading  points  (an  area  of  pure  compression  loading  and  no 
shear  stress  in  the  laminate  plane). 


5.4.3  Materials  Characterization 


Cross-sections  were  performed  on  the  ends  of  the  beam  to  evaluate  the  laminate  quality 
and  construction.  Ply  counts  indicated  that  the  beam  was  fabricated  with  the  correct 
number  and  orientation  of  plies.  The  overall  part  quality  was  found  to  be  poor;  extensive 
porosity  was  located  at  the  web-to-cap  junction  and  lack  of  adequate  tooling  constraint 
during  cure  allowed  deformation  of  the  entire  laminate  thickness  (Figure  5-23). 

Fiber  diameters  were  measured  to  identify  the  fiber  type  (carbon  AS4).  Infrared 
spectroscopy  was  used  to  identify  the  novalac  based  epoxy  resin  and  the  presence  of 
sulphur  compounds  indicative  of  a  diaminodiphenyl  sulphone  (DDS)  hardener  used  in  epoxy 
resin  systems.  Thermomechanieal  analysis  (TMA)  using  the  flexural  method  was  employed 
to  determine  a  Tg  of  379°F,  verifying  a  complete  cure  of  a  177°C  (350°F)  cure  system. 
The  resin  content  of  the  caps  were  determined  by  the  density  gradient  column  method. 

The  resin  content  was  27%  by  weight,  much  less  than  that  of  the  original  prepreg  which 
was  approximately  34%.  This  was  a  definite  concern  since  resin  contents  below  30%  have 
been  shown  to  significantly  reduce  the  laminate  strength,  particularly  for  resin  dominated 
fractures  such  as  interlaminar  shear  and  tension  or  compression  buckling. 


5.4.4  Fractography 
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The  delaminations  in  the  upper  caps  were  removed  by  cutting  to  prevent  further 
delamination.  Visual  macroscopic  inspection  of  the  surfaces  revealed  the  presence  of 
both  shiny  and  milky  appearing  regions,  indicative  of  tension  and  shear  dominated 
delaminations,  respectively.  The  fracture  occurred  at  the  interface  between  the  0  and  45 
degree  plies,  most  likely  due  to  the  stress  gradient  between  the  axial  0  degree  ply  (which 
carries  the  primary  axial  flexural  loads)  and  the  off-axis  45  degree  ply.  Crack  mapping 
was  performed  with  the  optical  microscope,  with  the  localized  crack  directions 
determined  by  examining  the  orientation  of  the  hackles  in  the  shear  dominated  regions 
and  the  river  marks  in  the  tension  dominated  regions.  Cracking  was  found  to  initiate  by 
shear  at  the  web-to-cap  junction,  under  the  loading  contact  points.  Cracking  continued 
along  the  central  region  of  the  cap  (where  extensive  porosity  was  evident)  by  mixed  mode, 
although  primarily  tension  toward  the  ends  of  the  beam,  as  shown  in  Figure  5-24. 

5.4.5  Stress  Analysis 

Although  no  calculations  were  performed,  simple  beam  flexure  theory  identified  the 
presence  of  an  interlaminar  shear  stress  gradient  in  the  upper  cap,  being  the  most 
concentrated  immediately  under  the  central  bearing  points  and  reducing  in  stress  toward 
the  beam  end.  This  gradient  accounts  for  crack  initiation  by  interlaminar  shear  at  the 
load  point,  aided  by  the  reduced  strength  in  the  cap  due  to  extensive  porosity. 
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6.0  ATLAS  OF  FRACTOGRAPHS 

An  atlas  of  fractographs  is  provided  in  this  section  for  use  as  a  reference  during 
fractographic  analyses.  Each  of  these  fractographs  were  obtained  from  fracture  surfaces 
generated  from  controlled  fracture-toughness  type  coupon  testing.  Figure  6-1  (3  pages) 
presents  the  test  matrices  from  which  the  controlled  fractures  were  generated;  also 
shown  are  paragraph  numbers  associated  with  each  type  of  test  matrix.  The  material 
system  is  Hercules  3501/AS4,  except  for  a  special  materials  group  in  paragraph  6.13. 

In  each  case,  fracture  was  produced  such  that  the  crack  direction  and  fracture  mode  was 
controlled.  Where  possible,  the  direction  of  crack  growth  is  noted,  to  aid  the  investigator 
in  evaluation  of  the  fracture  surfaces  during  crack  mapping.  To  present  differences 
between  the  details  identified  by  the  various  fractography  tools,  both  optical  and  SEM 
photomicrographs  are  presented  for  each  fracture  condition.  To  further  familiarize  the 
reviewer  with  the  typical  fracture  characteristics,  the  photomicrographs  are  presented  in 
increasing  order  of  magnification  for  delamination  and  translaminar  fractures  in  a  wide 
variety  of  ply  orientations  and  environmental  conditions. 

For  each  section,  a  description  is  provided  showing  the  relationship  between  the  primary 
fractographic  features  and  the  following: 

•  Load  type. 

•  Crack  growth  direction. 

•  Mechanism. 

•  Environment  (prior  to  and  during  fracture). 
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Abbreviations:  CLS  cracked  lap  shear:  DCB  double  cantilever  beam:  ENF  end-notched  flexure:  MMF  mixed-mode  flexure 

Fiaure  6-1.  Sinaular-  and  Multiple-Failure-Condition  Test  Specimen  Matrix  (Sheet  2  of  3) 


6.1  INTERLAMINAR  MODE  I  TENSION 


I 

Figure  6-2  shows  the  test  matrix  for  the  Double  Cantilever  Beam  (DCB)  test  type.  , 

l 

i 

The  primary  features  observed  in  fracture  surfaces  generated  by  Mode  I  tensions  are  as  j 

follows:  j 

•  Macroscopically  and  microscopically  fiat  fracture  surface. 

•  Flat  resin  fracture  between  fibers,  exhibiting  river  marks  and  very  fine  resin 
microflow. 


•  Smooth  appearance  at  the  fiber-matrix  separation. 

Crack  growth  directions  can  be  determined  by  examining  the  flat  regions  between  fibers. 
The  direction  of  river  mark  branching  and  the  radiating  nature  of  the  resin  microflow  are 
oriented  in  the  direction  of  crack  growth  (see  Figure  6-3). 


Figure  6-2.  Double  Cantilever  Beam  (DCB)  Test  Type 
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Figure  6-3.  Overall  Crack  Growth  Direction  by 
Resin  Regions  Between  Fibers 
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Care  must  be  taken  to  examine  many  locations  in  the  fracture  surface  for  increased 
accuracy  and  reliability  of  crack  growth  directions. 

River  marks  are  concentrated  adjacent  to  the  fibers  where  cracking  tends  to  continually 
reiterate  on  a  microscale.  In  other  cases,  where  overall  cracking  progresses  in  a  direction 
other  than  parallel  to  the  fibers,  these  river  marks  are  concentrated  on  the  side  of  the 
fiber  away  from  the  origin  (see  Figure  6-4). 

Absorbed  moisture  or  elevated  temperature  present  during  fracture  does  not  alter  the 
ability  to  determine  crack  growth  and  fracture  mode.  Cracking  does,  however,  tend  to 
occur  within  the  undivided  plies  (intralaminar)  as  opposed  to  room  temperature  (dry 
features)  which  usually  occur  between  plies.  This  is  likely  due  to  either  the  decreased 
strength  of  the  fiber-matrix  interface  or  the  increased  ductility  of  the  resin.  Fractures 
created  at  270°  F  for  the  350°  F  system  often  exhibited  large  amounts  of  loose  fibers  on 
the  fracture  surface. 

See  Figures  6-5  through  6-28. 
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MICROCOPY  RESOLUTION  TEST  CHART 
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Figure  6-5.  24-Ply  Layup,  0  Plies 
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Figure  6-8.  70° F  Wet  Condition  (Optical) 
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SEM  photomicrographs 
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Figure  6-11.  70°F  Wet  and  180°F  Wet  Conditions 
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Figure  6-13.  70°F  Wet.  1 80° F  Dry.  and  180°F  Wet  Conditions 
With  Fiber  Separation  and  River  Marks 
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Figure  6-14.  + 451-45  Plies  (Optical) 
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'  Figure  6-16.  -65°F  Dry,  70°F  Dry,  and  270°F  Dry  Conditions  (Optical  400X) 
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Figure  6-18  +- 451-45  Plies  et  -65  °F  Dry,  70° F  Dry,  and  270° F  Dry  Conditions 

(Optical  5 OX) 
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Figure  6-20.  + 451-45  Plies  at  70°F  Wet  and  180°F  Wet  Conditions  (SEM  400X) 
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Figure  6-21 .  0/45  Plies  at  21°C  Dry  (Optical  400X) 
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Figure  6-22.  0/45  Plies  With  Matrix  Fracture,  Fiber  Separation.  River  Marks,  and 

Textured  Microflow  5-B70227-188 
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Figure  6-23.  0/45  Plies  at  -65° F  Dry,  70 °F  Dry,  and  270° F  Dry  Conditions  (Optical  400X) 
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Figure  6-28 0/90  P//es  af  21  °C  Dry  Condition  With  Matrix  Fracture.  Fiber  Separation, 
and  River  Marks 


5-B70227- 194 


6.2  INTERLAMINAR  MODE  II  SHEAR 


Figure  6-29  shows  the  text  matrix  for  the  End  Notch  Flexural  (ENF)  test  type. 

The  primary  features  observed  in  fracture  surfaces  generated  under  predominantly  Mode 
II  shear  are  as  follows: 

•  Macroscopically  flat  surface. 

•  Microscopically  rough  resin  fracture  between  fibers,  exhibiting  hackles  and  scallops. 

•  Smooth  appearance  at  fiber-matrix  separation. 

•  Secondary  cracking  (transverse  to  fracture  plane). 

The  mechanisms  by  which  hackles  (vertical  platelets)  and  scallops  (concave  regions)  are 
generated  in  the  resin  are  due  to  locally  resolved  tensile  stresses  at  45  degrees  to  the 
principle  in-plane  shear  loads  (see  section  4.0).  The  hackles  tilt  in  a  direction  parallel  to 
the  direction  of  crack  growth.  They  exhibit  either  a  symmetrical  or  an  asymmetrical 
shape  dependent  on  the  crack  growth  direction  relative  to  the  orientation  of  the  cross- 
plied  fibers,  that  is,  symmetrical  (0,  0),  (0,  90)  and  symmetrical  (0,  45),  (45,  45). 

Due  to  the  locally  resolved  tensile  stresses  which  occur  at  a  microscale,  river  marks  and 
resin  microflow  can  often  be  seen  on  the  hackles  and  scallops. 

As  with  the  interlaminar  Mode  I  tension  fractures,  elevated  temperatures  and  absorbed 
moisture  present  during  fracture  do  not  alter  the  ability  to  define  fracture  mode. 

Cracking  also  tends  to  occur  interlaminarly  with  a  more  fiber  dominated  appearance  as 
compared  to  room  temperature  dry  fractures. 


See  Figures  6-30  through  6-46. 


Figure  6-29  End-Notched  Flexural  Test  Type 
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Figure  6-30.  0/0  Phes  at  21  °C  Dry  Condition  (Optical  100X  and  400X1 
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Figure  6-31.  0/0  Plies  at  21  °C  Dry  Condition  With  Fiber  Separator 
River  Marks.  Hackles,  and  Textured  Microflow 
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Figure  6-32. 


0/0  Plies  at  70°F  Wet,  180°F  Dry,  and  180°F  Wet  Conditions 
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Figure  6-33. 


0/0  Plies  at  -65°F  Dry.  70°F  Dry.  and  270°F  Dry  Conditions 
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Figure  6-35.  0/0  Plies  at  70° F  Wet  and  180°F  Wet  Conditions  With 
Fiber  Separation  and  Hackles 


5-B70227 


6-37 


Fracture  type 

Interlaminar  mode  II  shear 

Pty  layup 

10)24 

Test  type 

ENF 

•  T est  conditions 

Dry 

•  Fracture  between 

0/0  plies 

Material 

Hercules  3501-6/177°C  cure 
AS4  fibers 

■fwifPrtKr 


*#  *  •*  i 


■rr 


fit 


Y-t: 


r% 


<• ;( 1 


>  r.*i 


_  o  0  <? 


-65°  F.  dry 


70  F.  dry 


Mechanically  Induced  crack  direction 


*4 


Legend: 

F  Fiber  matrix  separation 
H  Hackles 


ENF2",0ORY  •  I  -  2  2 

83-140  AF  CR/EP  CD  6-14-83 

20KV  X2000  "HOe*  BMT 


270°F .  dry 


Figure  6-36  0/0  Plies  at  -65°F  Dry,  70°F  Dry,  and  270°F  Dry  Conditions 

With  Fiber  Separation  and  Hackles 
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Figure  6-38  + 45  -45  Plies  at  21  °C  Dry  Condition  With  Fiber  Separation .  River  Marks, 

and  Hackles 
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Figure  6-40.  + 451-45  Plies  at  ~65°F  Dry,  70°F  Dry. and  270°F  Dry 
Conditions  (SEM  400X) 
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Figure  6-41 .  +451-45  Plies  at  -65° F  Dry.  70° F  Dry.  and  270° F  Dry  Conditions  (SEM  2000X1 
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Figure  6-43  0/45  Plies  With  Fiber  Separation.  River  Marks.  Hackles,  and  Textured  Microtlow 
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Figure  6-44  0/90  Plies  at  21  °C  Dry  Condition  (Optica!  100X  and  400X ) 
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6.3  INTERLAMINAR  MIXED  MODE  FLEXURAL 


Figure  6-47  shows  the  text  matrix  for  the  Mixed  Mode  Flexural  (MMF)  text  type. 

The  MMF  test  geometry  produces  57  percent  Mode  I  tension  and  43  percent  Mode  II  shear 
at  the  crack  tip.  The  primary  features  observed  are  quite  similar  to  those  found  in  100 
percent  Mode  II  shear  fracture  presented  in  the  previous  paragraph;  the  features  are  listed 
as  follows: 

•  Macroscopically  flat  surface. 

•  Microscopically  rough  resin  fracture  with  a  predominance  of  hackles  and  scallops. 

•  Small  localized  regions  of  flat  resin  fracture  exhibiting  only  river  marks  and  resin 
microflow. 

A  large  amount  of  fiber  bridging  tends  to  occur  in  which  delaminations  are  actually 
occurring,  both  coincident  with  and  opposite  to,  the  direction  of  crack  growth.  As  a 
result,  the  determination  of  crack  growth  direction  is  limited  to  examining  the  direction 
of  hackle  tilt  similar  to  the  100  percent  Mode  II  shear  specimens. 

See  Figures  6-48  through  6-51. 


Figure  6-47.  Mixed  Mode  Flexural  Test  Type 
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Figure  6-48.  010  Plies  at  21  °C  Dry  Condition  (SEM  2000X) 
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Figure  6-49.  0190  Plies  at  21  °C  Dry  Condition  (SEM  2000X) 
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Figure  6-50.  +451-4 5  Plies  at  21  °C  Dry  Condition  (SEM  2000X) 
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6.4  TRANSLAMINAR  MODE  I  TENSION 


Figure  6-52  shows  the  test  matrix  for  a  tension  four-point  bend  test  type. 

The  primary  features  observed  in  translaminar  fracture  surfaces  generated  by  Mode  I 
tension  are  as  follows: 

•  Macroscopically  rough  fracture  surface. 

•  Fibers  protruding  from  the  surface  (fiber  pullout)  at  a  wide  variety  of  heights. 

•  Radial  feature  on  each  fiber  end. 

•  Fractured  resin  on  sides  of  fibers,  ranging  from  shear  dominated  hackle  morphology 
to  a  very  smooth  nearly  adhesive  fracture. 

During  the  fracture  process  an  individual  fiber  will  break,  leading  to  fracture  of  adjacent 
fibers.  This  process  continues  at  various  planes  throughout  the  laminate,  resulting  in  a 
rough  surface  and  groups  of  fibers  or  bundles.  Close  inspection  of  the  fiber  ends  (using 
SEM)  reveals  a  radiating  pattern  indicative  of  the  fracture  direction  for  each  individual 
fiber.  Inspection  of  the  fiber  ends  at  several  locations  along  the  fracture  surface  is 
required  to  determine  the  overall  crack  growth  directions.  For  laminates  with  a  wide 
variety  of  ply  orientations,  the  fibers  which  are  oriented  90  degrees  to  the  fracture  plane 
should  be  examined  to  obtain  the  best  resulting  reliability.  When  plies  with  fibers 
oriented  parallel  to  the  fracture  plane  are  present,  inspection  of  the  intralaminar  river 
marks  may  also  be  used  to  determine  crack  growth  direction. 


See  Figures  6-53  through  6-66. 


Overall  crack  growth  direction 

Figure  6-53.  Fracture  of  Adjacent  Files 
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F/gure  6-54.  0/90  P//es  at  -65°F  Dry.  180°F  Dry.  and  270°F  Dry  Conditions  (SEM  Low 
Magnification ) 
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Figure  6-55  4-4S/-45  Plies  at  70°F  Wet,  180°F  Wet,  and  270nF  Wet  Conditions  (SEM  50X) 
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Figure  6-56.  0/90  Plies  at  8 2°C  Dry  Condition  (Various  SEM  Magnification ) 
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Figure  6-57  0/90  Plies  at  ~65°F  Dry,  WO^F  Dry,  and  270°F  Dry  Conditions  f SEM) 
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Figure  6-60.  0/45/90  Plies  at  -65°F  Dry.  180°F  Dry.  and  270°F  Dry  Conditions  (SEM  50X) 
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Figure  6-6  7.  0/45/90  Plies  at  -65°F  Dry,  180°F  Dry.  and  270°F  Dry  Conditions  (SEM  2000X) 
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Figure  6-62.  0/45/90  Plies  at  70°F  Wet,  180°F  Wet,  and  270°F  Wet  Conditions  (SEM  50X) 
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Figure  6-64.  + 451-45  Plies  at  -65 °F  Dry.  180°F  Dry.  and  270°F  Dry  Conditions  (Fiber  Pullout I 
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SEM  photomicrographs 
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Figure  6-66.  +451-45  Plies  at  70°F  Wet.  180°F  Wet.  and  270°F  Wet  Conditions  (SEM  2000X ) 


6.S  TRANSLAMINA R  MODE  I  COMPRESSION 


Figure  6-67  shows  the  test  matrix  for  compression  four-point  bend  test  type. 

The  primary  features  observed  in  translaminar  fractures  generated  under  Mode  I 
compression  are  as  follows: 

•  Macroscopically  and  microscopically  flat  fracture  surface,  particularly  on  plies 
oriented  parallel  to  axial  compression  load. 

•  Fiber  chop  (short  fiber  segments). 

•  Fiber  end  flexural  fracture  exhibiting  tension  and  compression  features  on  each  side 
of  a  neutral  axis  line. 

•  Post-failure  damage  due  to  rubbing  contact  between  mating  fracture  surface. 

(This  last  feature  can  often  completely  obscure  the  features  normally  found  on  individual 
fiber  ends.) 


Figure  6-67.  Four-Point  Bend  Test  Type 
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Translaminar  compression  fractures  occur  by  a  combination  of  fiber  microbuckling  and 
delamination  fractures.  Examination  of  the  fiber  ends  indicate  a  flexural  fiber  fracture. 

Studies  of  these  neutral  axis  lines  have  indicated  that  no  direct  correspondence  to  crack 
propagation  is  inferred.  However,  analysis  of  the  delamination  adjacent  to  the 
translaminar  fracture  may  be  used  to  identify  crack  growth  direction  if  there  is  a 
predominance  of  Mode  l  tension  during  the  fracture  event. 

Fractures  produced  at  high  temperatures  and  absorbed  moisture  content  exhibit  a  rougher 
macroscopic  fracture  surface,  with  longer  fiber  chop  and  more  secondary  intralaminar 
shear  cracks  on  the  microscopic  scale. 

The  reader  should  note  that  the  low-magnification  SEM  photomicrographs  reveal  both 
compression  fracture  (flat)  and  tension  fracture  (fibers  protruding).  This  is  because  the 
flexural  nature  of  the  test  specimen,  where  cracking  is  initiated  at  the  notch  in 
compression.  The  high  magnification  photographs  are  from  the  compression  fracture 
region. 

See  Figures  6-68  through  6-88. 
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Figure  6-70.  0  (32)  Ply  at  -65°F  Dry,  180°F  Dry,  270°F  Dry  Conditions 

(SEM  Low  Magnification) 
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Figure  6-71.  0  (32)  Ply  at  -65°F  Dry.  180°F  Dry.  and  270° F  Dry  Conditions 
(SEM  400 X) 
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Figure  6-76.  0/90  Plies  at  -65 °F  Dry.  180°F  Dry,  and  270°F  Dry  Conditions  (SEM  400X I 
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Figure  6-79.  0145/90  Plies  at  21  °C  Condition  (SEM  5 OX.  400X ,  and  2000X) 
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Figure  6-80.  0/45/90  Plies  at  -65 °F  Dry,  180°F  Dry,  and  270°F  Dry  Conditions  (SEM  20X) 
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Figure  6-81 .  0145/90  Plies  at  70°F  Wet,  180°F  Wet  and  270°F  Wet  Conditions  (SEM  400X 
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Figure  6-84.  +451-45  Plies  at  -65 °F  Dry.  180°F  Dry.  and  270°F  Dry  Conditions  'SEM  20X 
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Figure  6-85  0/45/90  Plies  at  -65°F  Dry.  180°F  Dry,  and  270"F  Dry  Conditions  /SEM  400X 
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Figure  6-86  + 451-45  Plies  at  -65° F  Dry.  180°F  Dry.  and  270° F  Dry  Conditions  (SEM  400X1 
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Figure  6-88.  +451-4 5  Plies  at  70°F  Wet.  180°F  Wet.  and  270°F  Wef  Conditions  (SEM  400X) 
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6.6  TRANSLAMINA R  MODE  II  SHEAR 


Figure  6-89  shows  the  test  matrix  for  a  side-notched  rail  shear  test  type. 

The  primary  features  observed  in  these  specimens  were  very  complex  and  generally  a 
combination  of  features  identified  for  the  laminar  Mode  I  tension  and  compression 
fractures.  The  key  features  were  as  follows: 

•  Fiber  microbuckling  and  fiber  slant  fracture. 

•  Post-failure  compression  damage  to  fiber  ends. 

•  Fiber  pullout  and  extensive  lateral  displacement  between  the  protruding  fibers. 

•  Hackle  features  on  sides  of  the  fibers. 

As  with  compression  dominated  fractures,  fractographic  features  by  which  the  direction 
of  fracture  can  be  identified,  do  not  exist. 

See  Figures  6-90  through  6-99. 


Figure  6-89.  Side-Notched  Rail  Shear  Test  Type 
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Figure  6-90.  0/90  Plies  at  21  °C  Dry  (SEM  200X  and  2000X) 
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Figure  6-91 .  0/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry  Conditions  (SEM  400X) 
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Figure  6-92.  0/90  Plies  at  -65°F  Dry,  180°F  Dry,  and  270°F  Dry  Conditions  (SEM  2000X) 
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Figure  6-93.  0/90  Plies  at  70°F  Wet.  180°F  Wet,  and  270°F  Wet  Conditions 

(SEM  400X) 
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Figure  6-94.  0/90  P//es  at  70°F  Wet.  180°F  Wet.  and  270°F  Wet  Conditions 
(SEM  2000X) 
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Figure  6-96.  0145/90  Plies  at  -65 °F  Dry.  180°F  Dry.  and  270°F  Dry  Conditions  (SEM  400X) 
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F/ffi/re  6-97.  0/45/90  Piles  at  -65°  F  Dry,  180°F  Dry,  and  270°  F  Dry  Conditions  (SEM  2000X) 
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Figure  6-98.  0/45/90  Plies  at  70°F  Wet.  180°F  Wet.  and  270°F  Wet  Conditions  (SEM  400X) 
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Figure  6-99.  0/45/90  Plies  at  70°F  Wet.  180°F  Wet.  and  270°F  Wet  Cr— '* 
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6.7  TRANSLAMINA R  FLEXURE 


Figure  6-100  shows  the  test  matrix  for  a  laminate  flexure  test  type. 

The  primary  features  observed  in  unnotched  specimens  which  fail  because  of  flexural 

loading  are  as  follows: 

•  Macroscopic  identification  of  rough  (tensile)  and  smooth  (compressive)  fracture 
regions. 

•  Distinct  separation  between  tension  and  compression  regions  (as  indicated  by  a 
neutral  axis  region). 

•  Tensile  fractures  tend  to  initiate  along  the  outer  surface  and  progress  toward  the 
neutral  line  (as  indicated  by  analysis  of  fiber  end  radials). 

See  Figure  6-101. 


Figure  6-100  Laminate  Flexure  Test  Type 
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6.8  INTERLAMINAR  FATIGUE 


Figure  6-102  shows  the  text  matrix  of  Double  Cantilever  Beam  (DCB)  for  Mode  I  fractures 
and  Crack  Lap  Shear  (CLS)  for  Mode  II  fractures. 

The  primary  features  observed  in  DCB  Mode  I  tension  fatigue  features  are: 

•  Striations. 

•  River  marks  and  resin  microflow  features  identical  to  static  fractures. 

(DCB  striations  are  parallel  sets  of  curved  lines  oriented  to  the  direction  of  crack  growth, 
located  in  the  resin  fracture  regions  between  fibers.) 

The  primary  function  observed  in  CLS  Mode  II  shear  fatigue  fractures  are: 

•  Striations 

•  Hackle  and  scallop  features  identical  to  static  features. 

(CLS  striations  are  present  mainly  at  the  fiber-matrix  separation  region,  with  isolated 
locations  exhibiting  striations  in  the  resin  fracture  planes.) 

Currently,  it  is  unclear  whether  these  striations  are  being  formed  due  to  a  plastic 
deformation  mechanism  at  the  crack  tip  (as  seen  in  aluminum  alloys)  or  whether  these  are 
simply  crack  arrest  features.  (However,  the  striation  spacing  does  not  appear  to  increase 
as  the  test  loads  are  increased.  Spacing  between  striations  often  vary  greatly  along  the 
length  of  a  single  fiber,  as  well  as  large  variations  in  spacing  between  immediately 
adjacent  fibers.  This  inconsistency  prevents  the  investigator  from  accurately  determining 
crack  growth  rates  or  loads  at  fracture. 

Faint  appearing  striations  can  be  enhanced  by  SEM  or  TEM  analysis  but  high  amounts  of 
specimen  are  required. 

See  Figures  6-103  through  6-109. 
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Figure  6-103.  0/0  Plies  at  70°F  Dry  Condition  (Fatigue  DCB  Mode  I,  Optical) 

5-B70227-269 


} 


I 

» 

i 

! 

1 


6-106 


Optical  photomicrographs 
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Figure  6-104.  010  Plies  at  70°F  Dry  Condition  (Fatigue  CLS  Mode  II,  Optical) 
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Figure  6-106.  0/0  Plies  at  21  °C  Dry  Condition  ( Fatigue  DCS  Mode  I,  SEM) 
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Figure  6-107  0/0  Plies  at  21°C  Dry  Condition  (Fatigue  CLS  Mode  II.  Optical) 
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SEM  photomicrographs 
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6.9  DRILL  BACKSIDE  BREAKOUT 

Figure  6-110  shows  an  example  of  heavy  drill  pressure  on  laminate  without  proper 
backside  pressure,  resulting  in  delamination  on  the  drill  exit  side. 

The  primary  features  are: 

•  Small  localized  delaminations  with  Mode  1  features  (river  marks  and  resin 
microflow). 

•  Extreme  amounts  of  particulate  present  on  the  delamination  surfaces. 

See  Figures  6-111  and  6-112. 


Visual  and  optical  details  from  a  drill  breakout  specimen  are  shown  above  The  photo  on  the  left  illustrates  / 

the  extent  of  backside  damage  around  the  hole  and  the  right  photo  presents  cross-section  A-A 
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Figure  6-110.  Drill  Breakout  Specimen 
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Figure  6-111.  010  Plies  at  21  °C  Dry  Conditions  (Example  A) 


5-B70227-277 


6-1  14 


SEM  photomicrographs 
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6.10  COMPRESSION  AFTER  IMPACT  (CAI) 


Figure  6-113  shows  an  example  of  a  Compression  After  Impact  (CAI)  text  type.  The  test 
consisted  of: 

•  Impact  a  4-inch  by  6-inch  coupon  until  visible  failure. 

•  In-plane  compression  load  failure. 

The  primary  features  associated  with  fractures  produced  with  a  CAI  specimen  are  as 
follows: 

•  Compression  buckling  of  the  laminate  through  the  impact  site  (with  extensive 
delamination). 

•  Shear  dominated  interlaminar  fracture  features  at  the  impact  region  (origin). 

•  Tension  dominated  interlaminar  fracture  features  at  the  specimen  outer  edges. 

•  Crack  mapping  of  the  river  marks  and  resin  microflow  to  identify  crack  growth 
direction  (and  thus  the  origin). 
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6.11  CONTAMINANTS 

Figures  6-114  and  6-115  shows  two  test  types  of  contaminants,  Teflon  and  Frekote. 

The  primary  key  features  observed  in  the  contaminant  containing  specimens  were  as 
follows: 

Teflon  Contamination 

•  Interconnected  and  fibrous  appearing  contamination  regions. 

•  Matrix  region  fracture  surface  surrounding  Teflon  regions  exhibit  morphologies 
typical  of  the  induced  loading  mode. 

Frekote  Contamination 

•  Interconnected  and  very  smooth  contaminated  regions. 

•  Areas  without  resin  fracture  features  (indicative  of  adhesive  type  separation). 

•  Matrix  resin  fracture  surface  surrounding  Frekote  regions  exhibit  morphologies 
typical  of  the  induced  loading  mode. 

Note:  When  photomicrographs  exhibit  fractured  resin  particulate  in  the  regions  of 
contamination  it  becomes  more  difficult  to  identify  smooth  adhesive  separation. 
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Figure  6-114.  Teflon  Contamination 
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SEM  photomicrographs 
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Figure  6-115.  Frekote  Contamination 
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6.12  VOIDS 


Figure  6-116  shows  two  test  types  of  voids,  DCB  and  ENF. 

The  primary  features  observed  in  specimens  with  high  void  areas  are  as  follows: 

•  Smooth,  featureless,  resin  surface  with  underlying  fibers  at  voids  (often  with 
rounded  corners) 

•  Fracture  surface  surrounding  void  region  exhibits  a  matrix  fracture  morphology 
typical  of  the  induced  mode  (allows  determination  of  crack  growth  and  mode). 

•  Cracking  does  not  appear  to  locally  initiate  at  the  voids. 
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Figure  6-116.  Voids,  DCB,  and  ENF 


6.13  OTHER  MATERIAL  SYSTEMS 


The  systems  discussed  in  this  paragraph  are: 

Epoxy  Based 

121°C  (250°F)  Cure  Fiberglass/Epoxy  (see  Figure  6-117) 
177°C  (350°F)  Cure  Fiberglass/Epoxy  (see  Figure  6-118) 
121°C  (250°F)  Cure  Aramid/Epoxy  (see  Figure  6-119) 

Carbon  Based 


•  PEEK/Carbon  (see  Figure  6-120) 

•  P MR- 15/Carbon  (see  Figure  6-121) 

6.13.1  Epoxy  Resin  Based  Systems 

Interlaminar  Fractures— These  types  of  fractures  are  epoxy  resin  dominated  and  exhibit 
features  similar  to  those  previously  presented  with  river  marks  and  microflow.  As  a 
result,  crack  mapping  and  determination  of  fracture  mode  is  possible. 

Translaminar  Fractures— These  types  of  fractures  are  fiber  dominated  and  vary  in 
appearance  depending  upon  the  fiber  type.  The  fiberglass  fibers  fracture  very  similar  to 
the  carbon  fibers,  with  radial  features  on  the  fiber  ends.  The  Aramid  fibers,  however, 
tend  to  fibrilate  (split  longitudinally)  and  do  not  exhibit  features  useful  for  mapping  fiber 
end  fractures  or  differentiating  between  translaminar  tension  or  compression. 

6. 1.3.2  Carbon  Fiber  Based  Systems 

For  carbon  based  systems,  the  primary  features  presented  on  the  fractures  surface  are  as 
follows: 


Interlaminar  Fractures— These  types  of  fractures  exhibit  features  indicative  of  the  resin 
ductibility.  The  PEEK  resin  appears  to  be  highly  deformed  such  that  river  marks  and  resin 


microflow  are  either  not  present  or  identifiable.  For  PEEK,  studies  have  shown  the 
appearance  of  hackles  for  Mode  II  fractures,  thus  providing  the  investigator  with  the 
capability  to  differentiate  between  Mode  I  and  Mode  II  fractures.  The  PMR-15  resin 
system  exhibits  river  marks,  resin  microflow,  and  hackles  due  to  the  more  brittle  nature 
of  this  resin  system. 

Translaminar  Fractures— These  types  of  fractures  exhibit  fiber  end  features  similar  to 
those  presented  for  the  carbon/epoxy  systems.  Crack  mapping  of  the  fiber  end  radials 
(for  tension  cracks)  and  differentiation  between  tension  and  compression  fracture  is 
possible. 
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Figure  6-117  Fiberglass! Epoxy  250°F  Cure 
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Figure  6-119  Ararmd  Fibers  Epoxy 
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Figure  6-120  PEEK/AS4  Fibers 
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Figure  6-121.  PMR-1 5/Celion-3000 
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